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Abstract This study examines whether synchrophasing and stator clocking can reduce tonal
noise emissions in distributed propulsion systems under realistic flight conditions. Using
measurement-informed auralization, we evaluate two configurations: an eight-propeller tilt-
prop aircraft and a tilt-duct system with 26 fans. For the distributed propellers, results demon-
strate that synchrophasing at specific phase angles (e.g. half propeller blade-to-blade angle)
induces destructive interference at the blade-passing frequency and its harmonics, leading
to sound pressure level reductions of approximately 10 dB and a reduction of tonality and
fluctuation strength larger than one just-noticeable difference compared to in-phase oper-
ation. For the ducted fans, an evolutionary optimization routine determines optimal stator
clocking positions to minimize tonal interaction noise. This approach achieves tonal noise
reduction of approximately 10 dBA at centerline certification positions. Whereas the opti-
mized stator distribution successfully lowers centerline noise levels by creating a narrow
low-tonal noise corridor beneath the flight path, a significant lateral reduction (e.g. for sur-
rounding communities) could not be achieved. The findings establish phase control and
stator clocking as viable, yet sensitive, degrees of freedom for minimizing tonal noise in
distributed propulsion systems.
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1. INTRODUCTION

Synchrophasing has emerged as a potential strategy to mitigate tonal noise for distributed,
electric propeller arrays by specifically adjusting the relative blade-phase angle ∆φ between
adjacent propellers. Lafuente et al. (Lafuente, Pulzovan, Cepeda-Gomez, & Geyer, 2025)
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conduct a parametric investigation showing that extremum-seeking control with Extended
Kalman Filter gradient estimation can yield noise reductions of up to 15 dB across various
propeller layouts. Experimental work by Monteiro et al. (d. Monteiro, Merino-Martinez, &
Pereira, 2024) indicates that specific relative blade-phase angles can significantly reduce
loudness, tonality, and overall psychoacoustic annoyance in wind-tunnel conditions for sim-
ple propeller arrays. The authors conclude that tonal noise radiation can be reduced when
∆φ approximates half the propeller blade-to-blade angle (e.g. ∆φ = 30 deg for a six-bladed
propeller). Numerical simulations by Zarri et al. (Zarri, Koutsoukos, & Avallone, 2023) reveal
that synchrophasing of three co-rotating propellers reduces tonal noise through destructive
interference while leaving aerodynamic performance mainly unaffected. Guérin and Tor-
men (Guérin & Tormen, 2023) further highlight the sensitivity of acoustic directivity to initial
relative blade positions in multi-propeller configurations, raising questions about how these
effects transfer to more realistic aircraft geometries. Patterson et al. (Patterson, Ackerman,
Hovakimyan, & Gregory, 2021) extend the concept by embedding phase-control strategies
into trajectory-optimization frameworks, demonstrating noticeable reductions in community
noise through dynamic phase-angle control. Pascioni et al. (Pascioni, Rizzi, & Schiller, 2019)
provide additional insight into control requirements and indicate that a sound pressure level
reduction of several decibels at the blade-passing frequency tone demands tight constraints
on rotation-rate deviations.

These findings motivate the application of tailored synchronized distributed propellers
for community and certification noise reduction in the context of urban air mobility (UAM).
Despite acoustic and psychoacoustic investigations of the benefits of synchrophasing for
simple propeller arrays, its psychoacoustic effect has not yet been widely studied for realistic
distributed propulsion systems.

This acoustic effect does not apply only to propeller propulsion systems, but has al-
ready been demonstrated as a potential tonal noise-reduction mechanism for multistage
compressors, known as “clocking”. Chen et al. (Chen, Gu, Xie, & Wang, 2006) experi-
mentally investigate the impact of stator clocking on the performance of axial compressors
with compound-lean stators in a low-speed, two-stage test facility. Their results show that
compressor efficiency depends on the clocking position. A maximum efficiency increase
of 1:22% at design conditions is achieved through the combined effects of compound-lean
stator design and stator clocking. Kamiyoshi and Kaji (Kamiyoshi & Kaji, 2000) demonstrate
tone-noise reduction in multistage fans through airfoil clocking. By combining rotor and stator
clocking, they achieve more than 15 dB reduction at the blade passing frequency tone. Their
findings indicate that sound-pressure levels can be minimized or even cancelled when rotor-
blade and stator-vane settings are optimally adjusted. Milidonis et al. (Milidonis, Semlitsch,
& Hynes, 2018) analyze the influence of stator clocking on compressor acoustic character-
istics using high-fidelity and low-order numerical simulations of a 1.5-stage high-pressure
compressor. They report that clocking has a negligible effect on compressor efficiency (less
than 0:02%). However, it significantly modifies acoustic wave interference patterns in the
near field.

These aeroacoustic studies indicate that synchrophasing can decrease tonal noise in
multi-stage fan stages with only a slight or negligible impact on efficiency. However, to the
best of the authors’ knowledge, it has not yet been investigated whether stator clocking can
reduce tonal noise in distributed propulsion systems with ducted, single-stage fans.

This work first investigates whether sound quality improves using synchrophasing for a
distributed propulsion system equipped with eight electrically driven propellers. The follow-
ing research question is addressed: What tonal noise reduction potential and sound quality
improvement can be achieved for distributed propellers under realistic UAM flight conditions?
As a second step, we examine how synchrophasing can be applied to a distributed propul-
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sion system equipped with 26 single-stage, ducted fans. Therefore, we ask the additional
research question: Is it possible to adjust the stator positions of the individual fan stages
(stator clocking) to reduce tonal noise in the distributed propulsion system? The hypothesis
is formulated that, for low-count OGV fan engines, an optimal distribution of stator clock-
ing positions exists in order to reduce tonal noise. For this purpose, an evolution-based
optimization routine is employed to adjust the stator clocking angles of the 26 fan engines.

An auralization framework based on experimentally measured noise-emission data is
employed to determine the noise signatures of the distributed propulsion systems. Experi-
mental measurements under realistic conditions were performed in the Acoustic Wind tunnel
Braunschweig (AWB) for the distributed propellers and in the Co-/Counter-Rotating Acoustic
Fan Test rig (CRAFT) for the ducted fans. Several measurements are combined to repre-
sent the distributed propulsion systems for each UAM vehicle configuration. Virtual flyover
simulations and binaural noise syntheses are then conducted to determine their noise sig-
natures. As a post-processing step, sound quality metrics (SQMs) are calculated to assess
the psychoacoustic characteristics of the noise signatures obtained.

This paper is organized as follows: Section 2 presents the considered distributed propul-
sion systems. Section 3 describes the methodology, with Sec. 3.1 summarizing the wind-
tunnel propeller measurements, Sec. 3.2 summarizing the fan measurements, Sec. 3.3
showing the measurement-informed auralization framework, Sec. 3.4 describing the op-
timization process for the stator positions, and Sec. 3.5 describing the calculation of the
SQMs. The results are presented and discussed in Sec. 4. The conclusions and outlook are
formulated in Sec. 5.

2. UAM VEHICLES FOR AEROACOUSTIC STUDIES

The present study is based on two UAM vehicle concepts with distributed propulsion systems
(Schade et al., 2026), illustrated in Fig. 1. Both concepts were developed within the VIRL-
WINT research program at the German Aerospace Center (DLR). The vehicles represent
four-passenger electric vertical take-off and landing (eVTOL) aircraft. They are designed to
enable detailed aeroacoustic investigations of distributed propulsion systems.

Figure 1: Tilt-prop (left) and tilt-duct (right) vehicle prototypes from project VIRLWINT designed for aero-
acoustic studies.

Both vehicles share a common design point. This assumption ensures methodological
consistency and enables a direct comparison of the two propulsion architectures. To design
both vehicles, a hypothetical entry into service between 2030 and 2035 is assumed. The
maximum payload is 450 kg, corresponding to four passengers and one pilot. The nominal
cruise speed is 200 km/h and the maximum range is 150 km. A 20-minute loiter reserve is
considered to account for operational safety margins.
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The tilt-prop concept employs eight electrically driven open propellers distributed along
the wings. The propeller diameter is 1:85 m. The cruise tip Mach number is 0:30.

The tilt-duct concept uses 26 ducted, tiltable fans mounted above the wings. Each fan
has a diameter of 0:46 m. The design tip Mach number is 0:31.

3. METHODOLOGY

The propulsion systems of both aircraft concepts are considered to investigate the impact of
synchrophasing on their noise signatures. The sound sources of the propulsion systems are
based on measurement data. The overall study process is visualized in Fig. 2.

Figure 2: Process overview.

3.1 Propeller measurements

The measurement data presented in this contribution are the result of a close collaboration
between DLR and Delft University of Technology (TU Delft). The wind tunnel model used
in the experimental investigations consists of an array of three independently controllable
propellers. The model was designed, fabricated, and operated by TU Delft. It features
an unswept, untapered wing with NLF-Mod22(B) airfoil designed by Boermans and Rutten,
characterized by a chord-length of 0:3 m and span of 1:248 m. For the AWB experiment, the
effective span of the model is limited to the nozzle height of 1:2 m. The geometry of the
three identical propellers used is the TUD-XPROP-S reference propeller, with a diameter of
D = 203:2 mm and 6 blades with a pitch angle at 70% of the radius of b0:7R = 30 degrees,
and the axis of rotation angled 5 deg with respect to the wing chord line. Due to limitations of
the electric motor, the propeller was restricted to an advance ratio of J = 0:8 at a wind tunnel
velocity of 30 m/s, which would correspond to a thrust coef�cient of CT = 1:05 in isolated
propeller conditions. A detailed presentation of the propeller rig has already been published
elsewhere, and the interested reader may refer to (Duivenvoorden, Sinnige, & Veldhuis,
2025; De Vries, van Arnhem, Sinnige, Vos, & Veldhuis, 2021). The acoustic emissions,
relevant for the results presented in this contribution, were acquired through a set of 36 Brüel
and Kjær Type 4136 ¼” free-�eld microphones mounted in a planar fashion in a rectilinear
grid arrangement in DLR's Acoustic Wind Tunnel Braunschweig (AWB), see Fig. 3.

The considered microphone positions are selected to provide the widest possible spatial
sampling of the emitted acoustic �eld. The acoustic signals, along with the 1=rev signal of
all three propellers, are sampled at a 81 kHz rate on a GMB Viper GmbH 48-channel data
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