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ABSTRACT

The potential of distributed electric propulsion to miti-
gate noise environmental impact has been increasingly
explored for UAV and UAM applications. However,
when rotors are placed in close proximity, strong aero-
dynamic interactions and complex acoustic phenomena
are induced. Phase synchronization has been proposed
as a tonal noise mitigation strategy. Significant reduc-
tions in tonal levels have been reported under various con-
figurations, though the extent and nature of such reduc-
tions remain debated. Previous assessments have relied
on sparse sound pressure measurements, potentially mis-
representing global noise attenuation due to altered di-
rectivity. To address this experimental limitation, high-
fidelity simulations are carried out for a multi-propeller
configuration, focusing on the effects of phase synchro-
nization. The influence of a 30°-phase offset between
three co-rotating six-blade rotors is evaluated against an
in-phase configuration. A spherical microphone array was
used to determine the spatial directivity and total radiated
sound power. Results show that phase-angle differences
substantially redistribute the acoustic energy toward dif-
ferent spatial locations. Nevertheless, it also impacts the
global noise emission, mitigating the sound power level
of the opposite-phase configuration by 7.47 dB in acous-
tic power for the first BPF harmonic and 4.79 dB for the
second.
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1. INTRODUCTION

The emergence of urban air mobility (UAM) and small-
scale unmanned aerial vehicles (UAVs) has spurred in-
terest in novel propulsion systems that reduce environ-
mental impact while improving efficiency. Distributed
electric propulsion (DEP) systems, comprising arrays of
electrically driven propellers, are promising for enhancing
aerodynamic performance and lowering pollutant emis-
sions [1]. When propellers are positioned nearby, as is
common in DEP systems, their interactions give rise to
complex aerodynamic and acoustic phenomena [2]. These
interactions not only affect the aerodynamic loads, lead-
ing to increased tonal and broadband noise [3], but also
alter the spatial directivity of the blade passing frequency
(BPF) harmonics. One proposed method for mitigating
such noise is the synchronization of adjacent rotors, typ-
ically by imposing a constant phase angle between them.
Recently, several studies have investigated the potential of
phase synchronization to reduce tonal noise, particularly
in hover:

• Pascioni et al. [4] found a 6 dB reduction at the BPF
for a 3-bladed, 16-inch propeller at 5100 rpm.

• Shao et al. [5] reported 1–11 dB reductions using
2-bladed, 12-inch propellers at 4000 rpm.

• Guan et al. [6] observed 11–30 dB reductions un-
der hover and low-speed flight (advance ratio 0–
0.1) using 2-bladed, 12.5-inch rotors at 6000 rpm.

In forward-flight conditions:

• Turhan et al. [7] measured a 24 dB reduction at the
first BPF harmonic with a 90◦ phase offset between
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2-bladed propellers.

• De Paola et al. [8] reported a 5 dB reduction using
4-bladed rotors.

These studies suggest that phase synchronization can sup-
press tonal emissions without compromising thrust, and
they often attribute this effect to acoustic interference be-
tween the propellers. In contrast to aerodynamic installa-
tion effects, which depend on unsteady flow phenomena,
acoustic interference stems from phase-coherent sound
fields overlapping and interfering destructively or con-
structively in the far field [9]. However, reported noise
reductions vary widely, from 1 dB up to 30 dB for a single-
observation microphone. A key limitation of many stud-
ies is that only a few microphones are deployed to capture
sound pressure levels (SPL) at discrete positions due to
limitations in space, time, and cost. Since phase synchro-
nization drastically alters the directivity of tonal compo-
nents, local SPL measurements may misleadingly suggest
strong attenuation, even though sound is merely redirected
elsewhere in space. Without capturing the full spatial radi-
ation pattern, it’s unclear whether noise is truly reduced or
just redistributed. To address this ambiguity, the present
study uses high-fidelity numerical simulations to compute
the full 3D directivity patterns of DEP systems and to de-
termine the sound power level (SWL), which integrates
radiation over all directions. Unlike isolated SPL mea-
surements, SWL offers a global, physically meaningful
quantification of noise reduction. This work, therefore,
aims to re-evaluate the noise mitigation claims found in
the literature by examining the extent to which phase syn-
chronization alters both the directionality and total radi-
ated acoustic power.

2. MATERIALS AND METHODS

2.1 Computational Setup

The simulations replicate the TUD-XPROP-S propeller
setup from de Vries et al. [10], involving three six-blade
rotors (diameter D = 0.2032 m) spaced along the Y -axis,
as depicted in Figure 1a. The present work focuses ex-
clusively on two specific phase-synchronized distributed-
propulsion configurations, namely with a relative phase
angle ∆ϕ = 0◦ and ∆ϕ = 30◦, corresponding to the
in-phase and opposite-phase rotation, respectively. The
simulations analyzed here are the same as those originally
introduced in [11] and further extended in [12], to which
the reader is referred for additional details on the numer-
ical setup and methodology. The propeller geometry in-

volves a pitch angle of 30° at 70% span and root chord
of 16.3 mm, and it was provided by TU Delft. The sys-

(a)

(b)

Figure 1: (a) View of the simulated setup with three
distributed propellers and the GRS. (b) Visualization
of vortex structures with λ2 method for the in-phase
configuration (b).

tem rotates anticlockwise with an inflow velocity of V∞ =
30 m/s, and advance ratio J = 0.8. The flow around
propellers is simulated using SIMULIA PowerFLOW®

(version 6-2021-R2), a commercial CFD that employs the
Lattice-Boltzmann (LB) method. It solves the LB equa-
tion for the particle distribution function f(x,v, t), de-
scribing the probability density of particles with velocity
v at location x and time t. The simulation uses a D3Q19
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stencil for 19 discrete velocity directions and a regularized
Bhatnagar-Gross-Krook collision operator. The LB equa-
tions are solved on a Cartesian grid with cubic volumetric
elements (voxels) and solid objects discretized with pla-
nar surface elements (surfels). The solver incorporates a
very large eddy simulation (VLES) approach, utilizing a
k-ϵ turbulence model. A pressure-gradient extended wall
model approximates the no-slip boundary condition. The
grid contains approximately 225.5 million voxels, ensur-
ing y+ ≈ 15 over the blade surfaces. CPU costs reach
roughly 112,000 hours per case. The flow solution can be
visualized via λ2 method in Figure 1b.

2.2 Far-Field Noise Computation

The far-field noise formulation used in this work is de-
scribed and validated in [12]. It exploits the axial and tan-
gential forces computed on the propeller disks as dipole
sources radiating sound to the far-field. These forces in-
clude the aerodynamic interactions caused by the pro-
pellers’ proximity. The SPL of the BPF harmonic tones
is determined from the measured amplitudes (pBPFn

) us-
ing the following equation:

Lp(f) = 10 log10
0.5p2BPFn

p2ref
, (1)

which results in the output in acoustic decibels. In this
equation, pref = 20 µPa is the reference pressure, while
the subscript n indicated the chosen BPF harmonic. For
the calculation of the SWL, a spherical microphone ar-
ray consisting of 2500 microphones is arranged around
the propeller at a distance of 100D from the global ref-
erence system (GRS) origin, ensuring a comprehensive
capture of the sound field in all directions. It was con-
firmed that increasing the number of microphones and the
distance from the origin did not affect the SWL. The root
mean square (RMS) pressure was computed at all micro-
phone locations. The RMS pressure squared, p2rms, is the
average of the square of the pressure levels at the selected
BPF harmonic over all microphone positions. The emitted
sound power is then calculated as:

W = p2rmsAm/ρ∞ c∞, (2)

where ρ∞ is the air density, c∞ is the speed of sound
in air, and the area Am = 4πR2

m represents the surface
area of the sphere formed by the microphone array, with
Rm = 100D being the distance from the source to each

microphone. Finally, the SWL is computed as:

Lw = 10 log10

(
W

Wref

)
, (3)

where Wref = 1×10−12 W is the reference sound power.
This formula yields the SWL in decibels, which quanti-
fies the total acoustic power radiated by the source in all
directions.

3. RESULTS

The spatial distribution of sound emissions from a sys-
tem of three rotors is examined. This distribution is deter-
mined by the aerodynamic interaction resulting from the
proximity of adjacent propellers, as well as by the inter-
ference among the acoustic fields generated by each of
the three propellers. In Figure 2a, the ∆ϕ = 0◦ configura-
tion at the first BPF harmonic is analyzed, and the spatial
distribution of the SPL around the propellers’ GRS is pre-
sented. The SPL mostly contributes around the XY plane
and reaches its maximum along the X-axis, with values
around 52.7 dB. Along the Y -axis, a lobed pattern is ob-
served, with reduced amplitudes not exceeding 19 dB. In
contrast, as shown in Figure 3a for the ∆ϕ = 30◦ config-
uration, the directivity pattern of the first BPF harmonic
is significantly altered, particularly along the X and Z di-
rections. For instance, if the SPL is measured by a mi-
crophone placed along the X-axis, at a distance of 100D
from the GRS, a substantial reduction of approximately
43 dB is observed. While this reduction can be attributed
to the effect of phase synchronization, an inspection of the
directivity in Figure 3a reveals that certain regions still ex-
hibit emissions reaching about 48 dB; however, these re-
gions are located differently compared to those observed
in the ∆ϕ = 0◦ case. For this reason, a less ambiguous
method for evaluating the effect of noise reduction caused
by the phase angle is employed by computing the SWL,
as explained in Section 2.2, and by interpreting results
in terms of acoustic power levels expressed in decibels.
For the first BPF harmonic, values of Lw = 85.71 dB
and Lw = 78.24 dB are obtained for the in-phase and
opposite-phase cases, respectively. This corresponds to
a reduction of ∆Lw = 7.47 dB in acoustic power due to
the phase angle effect. Turning to the second BPF har-
monics, these are shown in Figure 2b for ∆ϕ = 0◦ and in
Figure 3b for ∆ϕ = 30◦. Unlike the first harmonic, the
tonal directivity is found to be very similar and is charac-
terized by a lobed spatial distribution that peaks along the
X-axis in both cases. When the SWL is computed, values
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(a) 1st BPF harmonic.

(b) 2nd BPF harmonic.

Figure 2: Three-dimensional Lp directivity of the
BPF harmonic tones for the ∆ϕ = 0◦ configuation.

of Lw = 73.76 dB and Lw = 68.97 dB are obtained for
the two configurations, respectively. This indicates a re-
duction of ∆Lw = 4.79 dB in acoustic power due to the
phase angle for the second BPF harmonic.

4. CONCLUSIONS

In recent years, significant tonal noise attenuation has
been reported in several experimental studies on phase
synchronization in DEP systems. However, these con-
clusions have often been based on discrete SPL measure-

(a) 1st BPF harmonic.

(b) 2nd BPF harmonic.

Figure 3: Three-dimensional Lp directivity of the
BPF harmonic tones for the ∆ϕ = 30◦ configura-
tion.

ments taken at isolated locations, which may not fully
capture the three-dimensional nature of acoustic radiation.
As a result, the spatial redirection of tonal components
may have been misinterpreted as global attenuation, rais-
ing questions about the generalizability of the findings. To
address this limitation, a methodology has been employed
in the present study, relying on high-fidelity numerical
simulations already available in the literature [12], com-
bined with a dipole-based far-field noise formulation and a
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dense spherical microphone array. Through this approach,
the spatially integrated SWL can be computed, providing
a global and physically meaningful metric for quantifying
tonal acoustic emissions. A three-propeller DEP config-
uration has been considered in the analysis, with a com-
parison made between in-phase (∆ϕ = 0◦) and opposite-
phase (∆ϕ = 30◦) operation under forward-flight condi-
tions. It has been shown that in-phase rotation produces
highly directional radiation patterns at the first BPF har-
monic, particularly along the X and Z axes, whereas the
opposite-phase configuration yields a markedly different
spatial distribution, with peak emissions occurring else-
where. This suggests that tonal energy is drastically re-
distributed by phase synchronization, resulting in either
mitigation or amplification depending on the spatial loca-
tion considered. Nevertheless, notable reductions in SWL
have been observed in the ∆ϕ = 30◦ case, with decreases
of ∆Lw = 7.47 dB in acoustic power for the first BPF
harmonic and ∆Lw = 4.79 dB for the second. In fu-
ture studies, a broader range of phase angles, rotor counts,
and operating conditions should be explored, and hybrid
strategies that combine synchronization with aerodynamic
optimization should be considered for more effective and
scalable noise control.
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