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ABSTRACT:

Distributed propulsion systems are developed to power a new generation of aircraft. However, it is not known yet
which noise emissions these propulsion systems produce, which psychoacoustic characteristics such systems exhibit,
and how the generated noise is perceived. This paper investigates how fans with fewer stator than rotor blades affect
the noise perception of a distributed propulsion system intended for an urban air mobility vehicle, which is equipped
with 26 low-speed ducted fans. Three fan designs with different tonal to broadband noise ratio and opposite domi-
nant noise radiation directions are examined. An analytical process is applied to determine the noise emission, propa-
gate the sound through the atmosphere, auralize the flyover signals, and calculate psychoacoustic metrics. A
validation and comparison with A320 turbofan engines at takeoff is provided. The results indicate that the distributed
propulsion system generates noise signatures with complex directional characteristics and high sharpness. By apply-
ing tonal noise reduction mechanisms at source, a significant effective perceived noise level reduction is achieved
for the considered fan stages with fewer stator than rotor blades. In addition, tonality, loudness and roughness are
reduced well above one noticeable difference compared to a baseline fan and similar or even lower values are
achieved than with turbofans. © 2025 Author(s). All article content, except where otherwise noted, is licensed under

a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Distributed propulsion systems represent an advance-
ment in the design of future aircraft, offering new degrees of
freedom compared to conventional concepts, for instance,
regarding the number and arrangement of the engines on the
airplane. These degrees of freedom cause new acoustic and
psychoacoustic characteristics that may affect the noise per-
ception. Therefore, there is a demand to investigate the
noise emissions generated by distributed propulsion systems
along with their psychoacoustic characteristics.

Typically, the acoustic design of fans is based on the
assessment of individual sound pressure levels of a single
engine. Moreover, the propulsors are commonly optimized
considering the sound power levels at the source location
(Giacche et al., 2013; Jaron, 2018). This approach is consis-
tent with the noise certification process as for the certifica-
tion of new aircraft, a single value, the effective perceived
noise level (EPNL) (measured in EPNdB), is evaluated. The
EPNL is measured at takeoff, approach and flyover and
designs with lower cumulative EPNL compared to a

YThis paper is part of a special issue on Advanced Air Mobility Noise:
Predictions, Measurements, and Perception.
YEmail: stephen.schade@dlr.de
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reference value are targeted (EASA, 2023; ICAO, 2017).
The evaluation of one cumulative EPNL primarily considers
that newly certified aircraft are quieter than the specified ref-
erence level, however, the design with the lowest EPNL
value may not necessarily be the one with the least annoying
aural perception (Merino-Martinez et al., 2024c; Rizzi,
2016; Torija and Clark, 2021). Consequently, newer aircraft
may not sound more pleasant, even if they have a lower
EPNL than conventional aircraft. Therefore, there is a need
to assess the noise perception at an early stage within the
design phase of new aircraft. For this purpose, it is necessary
to develop fast and flexible models that can be incorporated
into the acoustic preliminary design phase.

Human sound perception has been shown to not only
depend on purely physical quantities (e.g., sound pressure or
sound power level) but to a significant extent also on psy-
choacoustic characteristics, e.g., sharpness, spectral content
and tonality for both conventional turbofan aircraft (Soeta
and Kagawa, 2020; Torija et al., 2019) and multicopter
drone platforms (Gwak et al., 2020; Merino-Martinez et al.,
2024c; Torija and Clark, 2021).

However, due to the specific characteristics of distrib-
uted fan concepts compared to conventional turbofan and
multicopter drone concepts, the current knowledge about the

©Author(s) 2025.
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relation between noise perception and physical as well as psy-
choacoustic parameters is not easily transferable to distributed
fans. In general, there is little knowledge yet on how psycho-
acoustic parameters of modern urban air mobility (UAM)
vehicles influence human perception. Boucher et al. (2024a)
focused on rotorcraft-based UAM designs and found associa-
tions between psychoacoustics and perception partly contradict-
ing prior assumptions (e.g., higher sharpness contributed to a
more positive perception). To the best of the authors’ knowl-
edge, associations among physical characteristics, psychoacous-
tics, and perception of UAM vehicles with distributed ducted
fans have not been reported yet.

The assessment of noise perception becomes particu-
larly relevant for distributed propulsion systems with a large
number of propulsors, as acoustic interaction, modulation,
and interference effects influence the noise footprint
(Bernardini et al., 2020; Guérin and Tormen, 2023;
Monteiro et al., 2024; Pascioni and Rizzi, 2018; Schade
et al., 2024b). Sound perception is therefore a key factor for
public acceptance of new aircraft concepts with distributed
propulsion, which, for instance, are developed for UAM
(Rizzi et al., 2020). This is confirmed in a telephone survey
which addressed the acceptance of airtaxis in Germany,
where it was found that noise concerns negatively correlate
with acceptance (Eifeldt and Stolz, 2024).

For these reasons, acoustic effects need to be assessed
in order to ensure that new propulsion systems are not only
quieter than previous concepts but also sound more pleasant.
In addition, there is a need to not only investigate individual
noise levels of individual engines but also to consider the
propulsion system as a whole, for example, as a combination
of distributed fans in order to examine the noise signature
and psychoacoustic characteristics of the entire propulsion
system.

This paper examines the impact of fan design on the
noise perception of a distributed propulsion system for an
UAM aircraft. For this purpose, an analytical auralization
[the acoustical counterpart of visualization (Vorlander,
2008)] framework, developed in house at the Department of
Engine Acoustics, is first extended for distributed propulsion
systems and then applied to the vectored thrust system of
the UAM vehicle. As part of this tool chain, the fan noise
emission is determined using Reynolds-averaged Navier
Stokes— (RANS-) informed analytical noise prediction.
Afterwards, virtual flyover simulations are performed to
propagate the sound to specified microphone positions on
the ground. The flyovers are then auralized using binaural
noise syntheses. As a final step, based on the time signals,
acoustic as well as psychoacoustic metrics are evaluated.
Before applying this tool chain to the distributed propulsion
system, the calculation of the noise immission and the psy-
choacoustic metrics is validated with measurement data
from an A320 takeoff recorded near Schiphol Amsterdam
Airport. Recently, this process has already been used to
study the impact of speed fluctuations on the psychoacoustic
characteristics of a distributed propulsion system (Schade
et al., 2024b).

J. Acoust. Soc. Am. 157 (3), March 2025

The considered UAM concept airplane is equipped with
26 ducted, low-speed fan stages, where three fan designs are
examined: (1) A conventional fan (treated as baseline) with
more stator vanes than rotor blades, (2) a low-broadband
noise fan (henceforth denoted as low-broadband) with fewer
stator vanes than rotor blades, and (3) a low-tonal noise fan
(henceforth denoted as low-tone) also with fewer stator
vanes than rotor blades. The fan designs are similar with
regard to aerodynamic characteristics, for example, effi-
ciency, pressure ratio, and thrust (Schade et al., 2024a).
However, the fans provide different characteristics with
regard to acoustics, for example, the dominant noise radia-
tion direction and the tonal-to-broadband noise ratio. Due to
these characteristics, the fan designs are particularly suitable
for investigating acoustic and psychoacoustic effects and
evaluating the impact on noise perception.

The manuscript is structured as follows: Section 1T A
describes the design of the UAM concept vehicle. Section
II B illustrates the different fan designs, as well as the inte-
gration of these fans on the vehicle. The auralization frame-
work is described in Sec. II C. The limitations are outlined
in Sec. III. The results are evaluated in Sec. IV, where Sec.
IV A shows the validation with the A320 turbofan and Sec.
IV B provides the transfer to distributed propulsion. The
conclusions are summarized in Sec. V and an outlook is pro-
vided in Sec. VL

Il. MATERIAL AND METHODS
A. UAM concept vehicle

An UAM vehicle with distributed and tiltable ducted
fans is conceptually designed to enable aeroacoustic studies.
The design and sizing of the vehicle architecture are per-
formed using an in-house simulation framework for vehicle
and fleet assessments. This framework is first introduced by
Shiva Prakasha er al. (2022) and is extended by Ratei et al.
(2023) to derive optimal vehicle designs for different archi-
tectures and use cases. The basic tool for the conceptual
design and sizing of such UAM vehicles with vertical take-
off and landing (VTOL) capabilities is documented by Ratei
(2022).

The top level aircraft requirements, which serve as an
input for the design of the tilt-duct vehicle, are derived
based on existing aircraft demonstrators and prototypes
within the UAM market. In order to estimate the

FIG. 1. Tilt-duct vehicle from project VIRLWINT for further high-fidelity
disciplinary analysis and acoustic assessment.
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TABLE I. Coordinates of the engine center position relative to the center of
gravity of the UAM vehicle. Since the vehicle is symmetrical to the y=0m
plane, only half of the engine positions are listed. C: canard wing; W: main
wing.

Engine X [m] y [m] z [m]
C1 2.65 1.2 -0.3
Cc2 2.65 1.67 —-0.3
C3 2.65 2.14 —-0.3
Cc4 2.65 2.61 —-0.3
C5 2.65 3.08 —-0.3
Wi —3.105 1.2 1.165
w2 —3.105 1.67 1.165
W3 —3.105 2.14 1.165
w4 —3.105 2.61 1.165
w5 —3.105 3.08 1.165
w6 —3.105 3.55 1.165
w17 —3.105 4.02 1.165
w8 —3.105 4.49 1.165

technology readiness level in the vehicle design process,
an hypothetical entry into service in the timeframe
2030 — 2035 is assumed. The vehicle has VTOL capabili-
ties and can carry a payload of up to 450kg (four passen-
gers and one pilot on board) over a range of 100 km at a
cruise speed of 200 km/h while opposed to a headwind of
20km/h. Additionally, a 20-min loitering reserve is
included in the sizing process.

Figure 1 shows the final battery-electric tilt-duct vehicle
design including its dimensions and a labeling of the indi-
vidual fan stages, which are distributed over the canard and
the main wings. The corresponding engine center positions
are listed in Table 1. Based on the thrust provided by the fan
stages, their number is determined to ensure that the propul-
sion system can lift and accelerate the maximum takeoff
weight of 2900 kg vertically during takeoff. As a result, the
propulsion system consists of 26 low-speed fan stages,
where 10 fans are installed on the canard wing and 16 on the
main wing. Each fan has a diameter of 0.45 m.

The design process of the considered tilt-duct vehicle is
outlined in more detail by Schade er al. (2025).

(a)

B. Distributed propulsion system
1. Low-speed ducted fan designs

For the distributed propulsion system of the tilt-duct
vehicle, three different rotor-stator fan stages are designed
and manufactured. All three fan designs are developed for
experimental testing in the CRAFT (Co-/Contra Rotating
Acoustic Fan Test) facility (Caldas et al., 2022; Tapken
et al., 2021) from DLR. In the CRAFT facility, ducted fan
stages with representative conditions (e.g., rotor tip Mach
number and fan pressure ratio) for UAM engines can be
investigated.

The first fan stage is the baseline fan, which has 18 rotor
blades and 21 stator vanes [see Fig. 2(a)]. The blade count
pairing of the baseline fan is designed such that the acoustic
modes at the first blade passing frequency (BPF) are cut-on.
In addition to the baseline fan, two low-count OGV
(outer guide vane) fans are designed and manufactured
(Schade et al., 2024a). Contrary to conventional fan designs,
low-count OGV fans have fewer stator vanes than rotor
blades. Schade et al. (2024a) outlined the multidisciplinary
optimization process to design both low-count OGV fan
stages and illustrated that all three fans provide similar aero-
dynamic but considerably different acoustic characteristics.
Thus, these fans are well-suited for acoustic and psycho-
acoustic comparisons. The first low-count OGV fan stage is
equipped with 31 rotor blades and 10 stator vanes [see Fig.
2(b)]. This design is denoted as low-broadband fan hereaf-
ter. The second low-count OGV fan stage has 31 rotor
blades and 21 stator vanes [see Fig. 2(c)]. This fan design is
named low-tone fan subsequently.

2. Conceptual nozzle design

To theoretically integrate the CRAFT fans on the tilt-
duct vehicle and operate them over a wide operating range,
a variable nozzle geometry is required. As the tilt-duct vehi-
cle is expected to perform the takeoff and ascending flight
phase vertically, the thrust requirements and aerodynamic
operating conditions of the fan stage strongly depart from
each other at takeoff and during cruise. As a result, a
variable-geometry system is necessary to cope with such a

FIG. 2. Geometry of CRAFT baseline (a), low-broadband (b), and low-tone (c) fan stages.

2152  J. Acoust. Soc. Am. 157 (3), March 2025
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TABLE II. Operating conditions and performance of the CRAFT stages when mounted on the tilt-duct vehicle.

n[rpm]  nep (%] ni2 [kg/s] irotor [degl Maxin [—]  Mrerip [—]  PR[—] 1 [%] SM[—] altitude [m] thrust [kN]
Cruise 3375 100 5.25 2 0.11 0.26 1.021 90.0 0.24 1520 2.1
Design 4500 133 6.98 2 0.14 0.31 1.038 90.5 0.24 — —
Take-oft fixed nozzle 8540 253 10.7 6.6 0.22 0.64 1.177 88.0 0.11 1520 30
Take-off VAN +30 % 7995 237 12.3 2 0.25 0.61 1.133 91.5 0.24 1520 30

wide operating range. A variable-area nozzle (VAN) is
implemented at the conceptual design level according to the
procedure described by Moreau et al. (2023b) and the results
of the operating point calculations are shown in Table II,
where n and n, define the rotational speed, m2 is the mass
flow rate, M,y i, is the inflow Mach number, My is the
rotor tip Mach number, and PR is the pressure ratio.

The predictions are performed considering the baseline
fan stage only. However, the aerodynamics vary slightly
between the baseline fan and the two low-count OGV
designs, although the differences are small, as examined by
Schade et al. (2024a), which is sufficiently accurate.

For the fan rotor blades to operate at an acceptable level
of flow incidence angle (i;o0r, see Table II), the exhaust noz-
zle must be substantially opened during takeoff. The optimal
opening ratio of 30% increased nozzle area was found
according to the procedure by Moreau et al. (2023b), which
provides the best fan isentropic efficiency (1., see Table II)
and a sufficient stability margin (SM) (see Table II) for the
fan stage to operate safely away from its aerodynamic stall
line. As shown in the aerodynamic performance map of the
stage in Fig. 3, operating takeoff with an opened nozzle
shifts the point onto the line of fan peak efficiency.

It should be noted at this point that the large excursion in
mass flow and axial Mach number by a factor 2 or more from
takeoff to cruise conditions (see Table II), requires a very careful
design of the fan intake geometry in order to avoid flow separa-
tion at the intake lip, spillage drag, and additional inflow distor-
tion noise. The design of the intake is not, however, considered
within the scope of the present preliminary study.

1.3 T T
speed lines
— — - peak-efficiency line
1.2 F| ™ Design d
xr @ Cruise T\g
o A Take-Off wo VAN -
11+ A Take-Off with VAN — .
1) e

0.9
£0.85
0.8
0.75

mass flow in kg/s

FIG. 3. Fan performance map of the CRAFT stages and position of the rele-
vant operating points. Top: fan pressure ratio (PR), bottom: fan isentropic
efficiency (17;5.)-

J. Acoust. Soc. Am. 157 (3), March 2025

C. Auralization framework

The auralization process consists of four steps which
are visualized in Fig. 4. First, as described in Sec. IIC 1, the
noise emission is predicted using the tool PropNoise
(Propulsion Noise) (Moreau, 2017). Second, the noise
immission is determined using virtual, acoustic flyover sim-
ulations performed with the tool VIOLIN (Virtual acoustic
flyover simulation) (Dang, 2022). This is outlined in Sec.
IIC2. Third, as summarized in Sec. II C 3, a binaural noise
synthesis is applied to transfer the acoustic results into ste-
reo audio files using the tool CORAL (Aircraft engine noise
auralization) (Moreau et al., 2023a). Finally, a sound quality
assessment, as described in Sec. IIC4, is applied which is
conducted with the open-source toolbox SQAT (Greco
etal., 2024).

1. RANS-informed analytical noise prediction

For the present study, all acoustic sources are predicted
using PropNoise (Moreau, 2017). PropNoise can either be
applied as a stand-alone program or coupled with an exter-
nal flow solver. The latter is used for the present study. For
this purpose, PropNoise is coupled with the in-house flow
solver TRACE (Yang et al., 2006) in order to provide
RANS-informed analytical noise predictions (Jaron, 2018).
3D steady-state RANS simulations are performed for each
fan design (baseline, low-broadband and low-tone as visual-
ized in Fig. 2) and both operating points (Cruise and Design
from Table II). TRACE solves the compressible Navier-
Stokes equations on a structured numerical grid using a
multi-block approach. Regarding the numerical setup, an
isolated fan with uniform inflow conditions is considered
and the flow domain is a single rotor—stator passage with
periodic boundary conditions. The Menter SST k-w

auralization process
RANS-informed

noise prediction

(TRACE &
PropNoise)

noise
directivity

virtual flyover

(VIOLIN)

— ¥

binaural noise
synthesis

(CORAL)

spectrogram

post-processing

sound quality
analysis

psycho-
acoustic
(SQAT) metrics

audio file

FIG. 4. Auralization process and post-processing.
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turbulence model is applied since earlier studies showed that
this model provides the best results with regard to the aero-
dynamic flow solution and analytical noise prediction than
other turbulence models (Jaron, 2018). Regarding the
numerical grid, an O-C-H topology is used around the
blade/vane, where the first cell is placed in the laminar sub-
layer. Further details regarding the numerical setup and gird
as well as the aerodynamic flow solutions for the three fan
designs can be obtained from Schade e al. (2024a).

The aerodynamic flow variables required to reconstruct
the aerodynamic excitation that leads to noise generation are
exported from the RANS simulations as radial distributions.
These radial distributions are extracted along streamlines
and are used as an input for PropNoise to determine the
noise source generation and propagation analytically.
PropNoise provides a frequency-formulation of all fan noise
sources, whereby in this study only rotor—stator interaction
noise is considered. The extracted radial distributions of
aerodynamic flow variables provide the input for a radial
strip approach to calculate the acoustic source terms. Based
on the in-duct Green’s function g, , the modal sound pres-
sure amplitude is determined from a radial integration of the
acoustic source terms. For tonal noise, the complex modal
sound pressure amplitudes are determined from

R
p;in — l . V J go) e*lk,\»Xu-;*lmHLE Sop - dl's (1)

mn
R
and for broadband noise, the deterministic quantity to con-
sider is the expectation value of the squared modal sound
pressure magnitude, which is obtained from

R
AT N AR AT @

7

where + is the downstream and — the upstream direction, V'
is the number of stator vanes, r is the hub and R the tip
radius, k, denotes the axial wave number, x; 5 and 0, spec-
ify the leading edge position, ¢, denotes the source term for
the lift-generated component, and / is the turbulence correla-
tion length in radial direction (Moreau, 2017).
Subsequently, the sound is propagated upstream and down-
stream through the duct segments of the fan stage and radi-
ated from the entry and exit planes. The noise radiation
results are then saved as directivity patterns on a hemisphere
with a defined radius. A detailed description of the acoustic
models used in PropNoise can be obtained from Moreau
(2017) and the coupling between PropNoise and an external
flow solver is described by Jaron (2018). Jaron (2018) also
validated the RANS-informed noise prediction method for
several fan stages using experimental and numerical results.

2. Virtual acoustic flyover simulation

The modal directivity patterns obtained from PropNoise
serve as an input for the in-house tool VIOLIN. Using
VIOLIN a virtual flyover simulation is performed and the

2154  J. Acoust. Soc. Am. 157 (3), March 2025

Input

Noise emission:

engine positions x¢,Ye,2e
directivities pp, (f,m,e)

‘Weather conditions: Flight segments:

pressure pg [Pa]
temperature T [K]
rel. humidity [%)]
wind speed [m/s]

trajectory x¢,ys,2¢ [m]
time At [s]
mic positions Ty, ,Ym,zm [m]

+

Noise propagation

spreading loss

A4

Doppler frequency shift

h 4
atmospheric absorption ]

h 4

atmospheric turbulence

L4

ground attenuation and reflection

N C N N T

+

Noise immission

[ SPL(f,t) ] [ SPL dBA(f t) ]

[ PNL(t) ][ PNLT(t) ][ EPNL ]

FIG. 5. Process chain for the virtual acoustic flyover simulation with
VIOLIN.

noise is propagated through the atmosphere to one or several
observer positions on the ground.

VIOLIN provides a frequency-domain formulation to
determine the noise immission and accounts for the Doppler
frequency shift, the atmospheric absorption (ISO 9613-1,
1993), the impact of atmospheric turbulence on amplitude
as well as phase relations (Prescher et al., 2024; Rietdijk
et al., 2017) and the attenuation as well as reflection of the
sound waves on the ground (Arbeitsgruppe Novellierung der
AzB, 2007; Hornikx, 2016). Figure 5 schematically illus-
trates this analytical process and Moreau et al. (2023a) pro-
vide an overview of the auralization process.

In order to account for distributed propulsion systems,
VIOLIN is extended to consider multiple, distributed
engines at arbitrary positions. The engine positions are
defined relative to the center position of the airplane using
xyz-coordinates specified in the airplane reference frame
(see Table I).

An individual PropNoise calculation is assigned to each
engine in each sub-segment of the flyover. Thus, individual
RANS-informed analytical noise predictions (see Sec.

Schade et al.
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NS
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FIG. 6. Polar and lateral angles as a function of flyover time.

IIC1) are performed in advance for each engine. The pre-
sent study uses steady engine operating conditions. This
means that the operation point of each engine does not
change during flyover. Consequently, 26 PropNoise calcula-
tions are performed (one for each engine) and assigned to
the distributed propulsion system. For tonal noise sources,
complex pressure amplitudes are assigned [see Eq. (1)] and
for broadband sources, absolute squared amplitudes are con-
sidered [see Eq. (2)], whereby these are imported as narrow-
band power spectral densities with logarithmic frequency
distribution. As an initial step, the broadband values are
converted to complex pressure amplitudes using

pe = 1/(pZ,|*) - e 0. This is done only for broadband

sources, as for tonal sources, complex pressure amplitudes
are directly obtained from PropNoise.

PropNoise determines the noise directivities radiated to
a hemisphere of specified radius 7t in the far field for each
noise source. To provide the pressure amplitudes at arbitrary
receiver distances and positions, a distance correction is
implemented in VIOLIN (denoted as spreading loss in Fig.
5). Thereby it is assumed that the tonal/broadband ampli-
tudes are inversely proportional to the propagation distance.
Afterwards, the polar and lateral emission angles (¢ and 0)
are calculated for each engine at each time step [see Fig.
6(a)]. Using an interpolation method the respective tonal/
broadband amplitudes are extracted from the noise hemi-
spheres based on the calculated emission angles at each time
step [see Fig. 6(b)]. With the extracted amplitudes the direct
and indirect sound waves are propagated through the atmo-
sphere to the receiver position on the ground considering the
mentioned noise propagation effects (see blue box in Fig.
5). For the superposition of the direct and indirect sound
waves, a phase relation is included for both tonal and broad-
band sources. Depending on the travel distance difference
Ar between the direct and indirect sound waves, the com-
plex amplitudes of the indirect waves are obtained from
Pindirect = P e 2lfooppter /AT \yhere fooppler are the Doppler-
shifted frequencies and ¢ is the speed of sound. At the
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reflection point, the assumption is made that the ground is
an acoustically hard surface. In addition to interferences
resulting from the travel distance difference, no further
interferences are calculated for broadband sources, as this
source is assumed to be uncorrelated.

For tonal noise sources, the noise propagation may be
strongly affected by interferences. Tonal sources are assumed
fully correlated in VIOLIN and their linear superposition is car-
ried out according to the method by Guérin and Tormen (2023).
Thus, the complex tonal noise directivity D, (f, 7'ef, ¢) obtained
from PropNoise is modified as follows:

pm(fa ¢3 9) = Dm(f) T'refs ¢) einl(;’ (3)

where 0 is the lateral emission angle, . is the specified ref-
erence radius for noise radiation in PropNoise, and m is the
vector containing the azimuthal modes according to the
Tyler and Sofrin relation (Tyler and Sofrin, 1962). With
m = hB — kV and hB = f/n, Eq. (3) can be reformulated as

Pl 8, 0) = Do(f s, 9) /71 /0-800a) i /0-800),
“

where f is the blade passing frequency vector and 7 is the
rotational speed. This formulation is implemented in
VIOLIN as it allows considering the following effects: First,
the rotation direction of individual propulsors can be
changed by inverting the sign of the azimuthal mode vector
m. Thus, counter-rotating configurations can also be consid-
ered. Second, the term (0 — Alyy) and the term (0 — A0,«)
can be used to modify, respectively, the clocking position of
the stator and rotor compared to the reference position from
PropNoise. Thereby Al describes the angle difference for
the stator and A0, the angle difference for the rotor. For the
present study, Af,y is randomized once between the 26 fan
stages, and one identical random distribution is applied to
all flyover cases. Regarding the stator clocking positions,
Abgye = 0 is applied to all fan stages. This is reasonable, as
the position of the stator vanes can be controlled by design,
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FIG. 7. Take-off reference procedure according to EASA specifications for
VTOL aircraft (EASA, 2023).

unlike those of the rotor blades that may vary from flight to
flight. The trajectory segment for the virtual flyover simulation
is selected according to the EASA specifications for VTOL
aircraft powered by tilting rotors (EASA, 2023). The takeoff
reference procedure, as visualized in Fig. 7, is selected to com-
pare the three fan designs. The flight Mach number is
Miyke—off = 0.18 and the rate of climb is oy, = 6°.
Moreover, the flyover is performed for a simulation time of
t=21s and the time discretization is At = 0.015s. In accor-
dance with the EASA specifications (EASA, 2023), the atmo-
spheric pressure is 101, 325 Pa, the ambient air temperature is
25 °C and the relative humidity is 70%.

Design conditions are assigned to each engine as listed
in Table II. According to the findings from Schade er al.
(2024b), a fixed random distribution of rotational speed
deviations within the range =1 % is applied to the distrib-
uted engines. Therefore, prior to calculating the noise emis-
sion with PropNoise, a speed variation within the range of
*=1 % relative to the nominal speed is randomly determined
for each engine. These speed variations are interpreted as a
constant deviation from the nominal rotational speed. Thus,
one PropNoise calculation is performed for each engine
using the determined rotational speed. Afterwards, for the
flyover simulation, each PropNoise calculation is assigned
to the corresponding engine. Thereby it is assumed that the
speed deviations are static and thus do not change during
flyover. Since these deviations are very small, tonal noise is
still assumed to be correlated. The impact of different sets
of speed deviations, which are applied to the 26 ducted fans,
on the noise immission results and the sound quality analy-
sis is assessed in Schade et al. (2024b).

As an output from VIOLIN, for tonal noise sources, the
spectrograms are provided as complex pressure amplitudes,
whereas for broadband noise sources the output spectro-
grams do not include phase information.

3. Binaural noise synthesis

The spectrograms obtained from VIOLIN are the input
for the in-house auralization tool CORAL (Moreau et al.,
2023a). Using CORAL, a binaural noise synthesis is applied
to transform the spectrograms into time signals for the right
and left ear. Since tonal noise sources are assumed as corre-
lated whereas broadband sources are considered
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uncorrelated, CORAL processed these noise sources sepa-
rately. Tonal sources are synthesized using an additive pro-
cess and broadband sources using a subtractive process
involving the filtering of a white noise signal, as described
by Moreau et al. (2023a). Head related impulse responses
(HRIRs) are used to transfer the monaural time series into
stereo signals. The HRIRs represent transfer functions that
contain all binaural and spectral characteristics resulting
from the interaction of a head with an incoming sound
wave. As the primary goal in CORAL is to achieve plausible
and realistic binaural auralizations and not to reproduce the
exact response of a specific head, no individual HRIRs are
measured or simulated, but artificial head HRIRs are used.
For this, a far-field data set, measured by Bernschiitz (2013),
is considered. Based on the relative position between the
UAM vehicle and the observer, the two matching HRIRs of
the left and right ear are selected from the data set. As a
result, a binaural audio signal is generated that represents
the sound of a UAM vehicle moving in space. The audio file
is stored in Waveform Audio file format (.wav file).

4. Sound quality analysis

Sound quality metrics (SQMs) describe the subjective
perception of sound by human hearing, unlike the L, metric,
which quantifies the purely physical magnitude of sound
based on pressure fluctuations. Previous studies (Merino-
Martinez et al., 2021; Merino-Martinez et al., 2022) showed
that these metrics better capture the auditory behavior of the
human ear compared to conventional sound metrics typi-
cally employed in noise evaluations. The five most com-
monly used SQMs (Greco et al., 2023b; Merino-Martinez
et al., 2024a) are as follows.

* Loudness (N): Subjective perception of sound magnitude
corresponding to the overall sound intensity (ISO 532-1,
2017).

Tonality (K): Measurement of the perceived strength of

unmasked tonal energy within a complex sound (Aures,

1985).

Sharpness (S): Representation of the high-frequency

sound content. In general, frequencies higher than 3 kHz

are perceived as sharper (von Bismark, 1974).

Roughness (R): Hearing sensation caused by sounds with

modulation frequencies between 15 and 300 Hz (Daniel

and Webber, 1997).

* Fluctuation strength (FS): Assessment of slow fluctua-
tions in loudness with modulation frequencies up to
20 Hz, with maximum sensitivity for modulation frequen-
cies around 4 Hz (Osses Vecchi et al., 2017).

These five SQMs were calculated for each audio record-
ing and their 5% percentile values were considered (hence
the “5” subindex henceforth), representing the value of each
SQM exceeded 5% of the total recording time. These 5%
percentile values were then combined into global psycho-
acoustic annoyance (PA) metric following the model out-
lined by Di et al. (2016). All SQMs, the PA metric, and
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conventional sound metrics (e.g., equivalent A-weighted
sound pressure level Lpaeq and EPNL) were calculated
using the open-source MATLAB toolbox SQAT (Sound
Quality Analysis Toolbox) v1.1 (Greco et al., 2024). The
GitHub repository of the toolbox can be found in Greco
et al. (2023a).

lll. LIMITATIONS

» Analytically determined noise directivities are used as an
input for the flyover simulation. In order to improve the
results, measured directivities should also be considered
as an input in future studies.

Installation effects such as boundary layer ingestion or
noise shielding are neglected although, according to the
vehicle design, the fan stages are located on the wings.

As take-off trajectories are used, it is assumed that the
engines are the dominant noise sources. To determine the
noise emission of the ducted fans of the UAM vehicle,
broadband and tonal rotor—stator interaction noise as well
as trailing edge noise are considered. Airframe, back-
ground, and other engine noise sources are neglected.
Since only one sub-segment of the take-off flight phase is
simulated, steady engine operating conditions are applied,
although the vehicle is accelerating during take-off.
Vehicle and wing angle of attack changes are not
accounted for.

 Liners are not included.

With regard to the three examined fan designs, only the
noise emission levels of the baseline design are validated
with measurement data yet (Schade et al., 2024a). The
validations of the noise levels of the low-broadband noise
and low-tonal noise designs are not included in this study
as the respective measurement campaign is not accom-
plished yet.

The psychoacoustic annoyance model by Di et al. (2016)
applied here is already an improved model of the original
model developed by Fastl and Zwicker (2007) based on
synthetic sounds but also data from listening tests with
technical sounds, e.g., car noise, air conditioner or factory
noise. However, it remains open to what extent this model
is also valid for new sounds from UAM vehicles. For a
more accurate evaluation on the perceptual differences
between the three fan designs, psychoacoustic listening
experiments are recommended.

IV. RESULTS AND DISCUSSION
A. Validation of the auralization framework

In order to provide a qualitative and quantitative valida-
tion of the analytical auralization framework (see Fig. 4), a
virtual flyover of two turbofan engines is compared with an
experimental acoustic measurement of an Airbus A320 take-
off recorded near Schiphol Amsterdam Airport, in the
Netherlands. The aircraft was equipped with two IAE
V2527-AS turbofan engines.
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z[m]

FIG. 8. Flight trajectory and microphone position (denoted as a black dot)
for the Airbus A320 takeoff.

For the validation of the auralization framework, the
following additional assumptions and limitations apply.

* The noise immission and the sound quality metrics are
compared between analytical prediction and measurement
for a single A320 take-off at a single microphone.
Thereby it is neglected that differences can also occur
with regard to the noise levels at source. These data are
not part of the flyover measurement so that a comparison
was not possible.
Regarding the operating conditions, a retrofit is performed
based on the experimental measurement data for an equiv-
alent Airbus A320-like engine with similar design param-
eters. Thereby, the rotational speed is reconstructed from
the number of blades and the frequency of the BPF in the
measurement. Mass flow, blade angle, and nozzle area are
selected so that the aerodynamic operating point of the
engine is plausible (e.g., small incidence on fan blades).

* The following noise sources are considered: fan buzz-saw
noise, jet noise and fan broadband noise. Fan tonal noise
is neglected due to two main reasons: Firstly, the BPF
tone is cut-off due to the larger amount of stator vanes
than rotor blades. Secondly, for the measurement case,
the second harmonic of the BPF is efficiently attenuated
by a liner since it is not visible in the spectrogram [see
Fig. 9(a)]. However, the BPF2 would be cut-on in the sim-
ulation and dominantly contribute to the noise radiation
as it was out of scope for this work to include a realistic
liner geometry. Consequently, to ensure comparability
between measurement and prediction, the fan tones were
neglected altogether.

* For the atmospheric conditions, an ambient air tempera-
ture of 290K, a pressure of 102710 Pa, a relative humid-
ity of 45% and a wind speed of u, =u, —1.2m/s are
applied. These data are in accordance with the respective
measurement day.

The microphone employed is a PUI Audio POM-
2735P-R analog condenser microphone with a sensitivity of
—35 £ 2dB (ref. 1 V/Pa) and a frequency range of 20 Hz to
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FIG. 9. Comparison between the measured (a) and simulated (b) spectrograms of the Airbus A320 takeoff. Color scheme specifically developed for the visu-

alization of noise emission and immission according to Weninger (2015).

25kHz. The sampling frequency employed is 50kHz. The
microphone was positioned at a small lateral offset to the
flight path. To mitigate ground reflections, the microphone
is placed directly on the ground and placed over a 15-mm
layer of acoustic-absorbing foam. Figure 8 depicts the
Airbus A320 takeoff flight path estimated from the
Automatic Dependent Surveillance-Broadcast (ADS-B) data
collected from OpenSky’s database (OpenSky, 2025). At the
moment of the closest distance to the microphone (equiva-
lent to overhead), the aircraft’s altitude was 121.92 m. More
information about the experimental setup can be found in
Merino-Martinez et al. (2024b).

Figure 9 presents the comparison between the measured
and simulated spectrograms of the Airbus A320 takeoff.
Overall, a good qualitative agreement is achieved and the
overall shape of the spectrogram is reproduced from the vir-
tual flyover simulation. The characteristic shape is mainly
affected by atmospheric absorption and atmospheric turbu-
lence, which are both well-predicted compared to the mea-
surement case. The impact of atmospheric attenuation is
evident in the lower noise levels at high frequencies and the
impact of atmospheric turbulence is visible as vertical inter-
ference stripes.

The different noise sources can be identified in specific
sections of the spectrogram. Buzz-saw noise is visible
between 5 and 10s and is observed as a low-frequency tone
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and several of its harmonics. To predict buzz-saw noise a
random variation of fan rotor stagger angles within the range
+0.3° is applied. Compared to the measurement data, the
frequencies of the buzz-saw tones agree well, however, the
noise levels are slightly overestimated. This is reflected in
higher sound pressure amplitudes [see Fig. 10(a) at
7s <t < 10s] and higher L,(¢) as well as PNL(r) values
[see Fig. 10(b) at 7s < t < 10s].

For both measurement and prediction, jet noise is par-
ticularly visible in the spectrograms within the low-
frequency range after the microphone is passed. Whereas in
the measured spectrogram jet noise is the dominant source
within the time range between 10 and 12 s, in the predicted
spectrogram jet noise occurs over a larger time interval (see
10-18s). This is again reflected in the time signals, where
for the measurement case the highest amplitudes occur at
12s, and for the prediction almost equal amplitudes are
observed between 10 and 18s [see Figs. 10(a) and 10(b)].
Regarding low-frequency noise, it should be noted that the
measured data has background noise (typically dominant at
very low frequencies) that is not included in the simulated
case.

Figure 11 shows the comparison between measurement
and prediction for the SQMs calculated using SQAT (see
Sec. IIC4). The “just noticeable differences” (JND) are
plotted as an error bar from the measurement case. The
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FIG. 10. Comparison between the measured and simulated time signals (a) and the sound pressure levels as well as perceived noise levels (b) of the Airbus

A320 takeoff.
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underlying hypothesis for the JNDs is that sounds differing
by more than one JND are detected as different, so that
AJND values can be obtained for each SQM as suggested by
Osses et al. (2023). Considering that background noise and
airframe noise are not included in the prediction, differences
are within an acceptable range. The largest differences occur
for the tonality metric. This was expected as fan tonal noise
was neglected for the simulation, as aforementioned.
However, this assumption is only valid for the BPF tone and
its second harmonic since in the measured spectrogram the
fourth harmonic of the fan BPF is visible at r=12s and
f="7000Hz, while this fan tone was excluded from the sim-
ulation. In addition, for the measurement, the buzz-saw
tones occur over a longer time interval compared to the pre-
diction. Consequently, for these two reasons, the measured
spectrogram consists of a slightly higher tonal energy than
the prediction, and, hence, the higher tonality value is
obtained. The binaural audio file of the synthesized flyover
is available in Mm. 1.

Mm. 1. Binaural audio file of the synthesized flyover of the
turbofan engines at takeoff. File of type “wav.”

B. Distributed propulsion system with ducted fans
1. Noise emission

The noise emission describes the noise that occurs at
the noise source. In this section, noise emissions of the indi-
vidual fans are examined first and, subsequently, the distrib-
uted propulsion system consisting of 26 ducted fans is
analyzed. Figure 12 depicts the tonal and broadband fre-
quency spectra of the three considered fan stages at design
operating conditions. The broadband spectra are presented
as one-third-octave bands.

Regarding the baseline fan, the frequency spectrum is
dominated by the first BPF tone occurring at 1350 Hz and its
second (2700 Hz) and third (4050 Hz) harmonics. All three
fan tones provide significantly higher sound power levels
than the broadband levels, therefore, the overall noise emis-
sion is dominated by tonal noise for this fan. For the low-
broadband fan, the first BPF tone is raised to 2325 Hz since
the number of rotor blades is increased from 18 to 31. The
first BPF tone is still dominant although its sound power
level is reduced by 11 dB compared to the first BPF of the
baseline fan. In addition, the broadband noise levels are
evenly reduced across the entire frequency range compared
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to baseline and low-tone fans. The reduced broadband levels
result from the lower number of stator vanes which is
decreased from 21 to 10. The reason is that the broadband
noise source is directly proportional to the number of stator
vanes (Moreau, 2017; Nallasamy et al., 2002). As a rule of
thumb, the overall broadband noise levels decrease by
approximately 3 dB if the number of stator vanes is halved
(Jaron, 2018), which is valid for this fan design in good
approximation.

For the low-tone fan, the first BPF tone is (inverse) cut-
off (Schade et al., 2024a; Schade et al., 2022). The second
BPF tone at 4650 Hz has similar noise levels compared to
the broadband levels, and the third BPF tone is masked by
broadband noise. As a result, for this fan, the overall noise
emission is dominated by broadband noise, whereas for the
baseline and the low-broadband fan the overall noise emis-
sion is dominated by tonal noise.

Figures 13 and 14 show the broadband and tonal noise
directivities for the distributed propulsion system of the tilt-
duct vehicle. The 26 fan stages are operated at design condi-
tions. The noise levels are shown on a hemisphere with a
radius of 100m. The axial angle ¢ and the lateral angle
0 are discretized using 180 points in each direction and
¢ = 180° indicates the upstream direction and ¢ = 0° is the
downstream direction. It should be noted that the pictogram
of the vehicle is enlarged for a better illustration.

The broadband noise source is modeled as constant in
the lateral direction. Therefore, the broadband noise direc-
tivities are plotted in xz-plane and a stripe-shaped pattern is
obtained (see Fig. 13). In addition, the overall shape of the
broadband directivity is independent of the fan design. The
directivity is characterized by two noise radiation maxima:

110 T T T T T T T 17 T T T T LI |
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ﬁlOO || === low-broadband 7
% 90 - low-tone
3
= 80
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1 1 1 Ll 1 1 Lol
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FIG. 12. Sound power spectra of the three considered fan stages at design
conditions, 0 = 90° and a reference distance of 100 m.
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FIG. 13. Broadband noise directivities in the xz-plane at design conditions for the distributed propulsion system equipped with the baseline fan (a), low-
broadband fan (b), and low-tone fan (c). Color scheme according to Weninger (2015).

A global maximum upstream at ¢» = 135° and an additional
maximum downstream at ¢ = 45°. The position of these
maxima agree well with the expected result from the analyt-
ical modeling (Heidmann, 1975). For the low-broadband
fan, the noise levels are evenly reduced over all radiation
angles compared to the baseline and low-tone fan stages.
The tonal noise directivities are plotted in xXy-plane and
a strong dependence on the axial as well as the lateral angle
is obtained (see Fig. 14). Overall, for tonal noise, directiv-
ities with complex interference patterns are obtained.
The directivities are mainly characterized by “granulated”
structures. In order to understand the formation of these
structures, in a preliminary study, not shown here, the influ-
ence of the number of fan stages on the directivity was
investigated. It was observed that the tonal noise directivity
becomes more complex as the number of fans increases and
that the granulated pattern is strongly impacted by the
amount of fan stages. By increasing the number of fan

0 = 180°

stages continuously from 2 to 26 it was observed that the
tonal radiation pattern gradually “converges” to a complex
interference pattern. Once a certain number of fan stages is
reached (in our case more than 16), the interference pattern
only slightly changed if additional fan stages are added to
the distributed propulsion system. Thus, the system starts to
behave like one distributed noise source rather than several
individual and independent point sources. As a reference,
for an individual baseline, low-broadband and low-tone fan,
the tonal and broadband noise directivities can be obtained
from Schade er al. (2025). Two additional effects also
impact the interference pattern: First, due to the three-
dimensional distribution of the fan stages, the Doppler
shifted frequencies slightly deviate from each other leading
to additional interference and modulation effects. Second, in
order to provide a realistic, non-perfect tolerance between
the operating conditions of the fan stages, one identical ran-
dom distribution of speed deviations within the range of

0 = 180°

65

FIG. 14. Tonal noise directivities (sum over all frequencies) in the xy-plane at design conditions for the distributed propulsion system equipped with the
baseline fan (a), low-broadband fan (b), and low-tone fan (c). Color scheme according to Weninger (2015).
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FIG. 15. Broadband time signal for the distributed propulsion system
equipped with the baseline fan at the takeoff. The dashed vertical line
denotes the time overhead. A value of 1.0 is equivalent to 94 dB.

*1 % is applied. The choice of the interval is based on the
findings from Schade et al. (2024b).

If the distributed propulsion system is equipped with
the baseline fan, the dominant tonal noise radiation direction
is downstream and the peak radiation angle is ¢ = 50°. By
contrast, if the low-broadband fan is used, the dominant
tonal noise radiation direction changes to upstream with two
peak radiation angles at ¢ = 135° and ¢ = 165°. If the low-
tone fan is used, the tonal noise radiation of the distributed
propulsion system is significantly reduced over a wide range
of radiation angles. However, tonal noise is still radiated
upstream and downstream with peak radiation angles at ¢p =
30° and ¢ = 170°. The dominant noise radiation angles of
the distributed propulsion system correspond well with the
peak radiation angles of the individual fan stages, which are
analyzed by Schade et al. (2025).

Overall, irrespective of the fan design, the tonal noise
directivities of the distributed propulsion systems show a
stronger dependence on the axial than the lateral direction.
For instance, when using the baseline fan, a lateral stripe

with almost constant tonal noise levels becomes visible at
¢ = 130°, and tonal noise increases abruptly for axial angles
¢ < 100° independently of the lateral angle [see Fig. 14(a)].
This can be explained as only a few azimuthal modes are
cut-on for tonal noise which are radiated into the far field.

As an intermediate conclusion, the noise emissions of
the distributed propulsion systems are characterized by dif-
ferent tonal to broadband noise ratios and opposite dominant
tonal noise radiation directions depending on the choice of
the fan design. Thus, a strong dependence of the noise direc-
tivities on the axial and lateral emission angles is observed
which is additionally intensified by complex acoustic inter-
ference patterns.

2. Noise immission

This section describes the noise exposure of the distrib-
uted propulsion systems at different microphone positions
after propagating from the noise sources through the atmo-
sphere (=noise immission) starting with the examination of
broadband and tonal times signals. Spectral patterns are
reported via spectrograms in a second step.

Figure 15 shows the broadband time signals at the cen-
tral and lateral microphones for the distributed propulsion
system equipped with the baseline fan. As the characteristic
shapes of the broadband time signals of the three propulsion
systems are very similar, they are exemplary shown for the
baseline design. The only difference between the fan designs
is a uniform reduction in sound pressure amplitudes for the
low-broadband fan as already visualized in Fig. 13.

Overall, the broadband noise directivity is reflected in
the time signal as again two maxima are observed, one
before the microphone is passed at =06 s and one after
the microphone is passed at r=8s. These maxima
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FIG. 16. Tonal time signal for the distributed propulsion system equipped with the baseline fan (a), low-broadband fan (b), and low-tone fan (c) at the take-
off. The dashed vertical line denotes the time overhead. A value of 1.0 is equivalent to 94 dB.
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correspond to the radiation angles ¢ = 135° and ¢ = 45°
[see Fig. 13(a)]. The broadband noise reaches a minimum
at +=06.5s which is the time when the microphone is
reached indicated by the dashed line. This is equivalent
with ¢ = 90° in Fig. 13(a).

The tonal time signals for the three propulsion systems
are plotted at the central and lateral microphone in Fig. 16,
where the dashed line indicates the time when the micro-
phone is reached. Again, the tonal noise directivities are
reflected in the time signals. If the distributed propulsion
system is equipped with the baseline fan, the highest tonal
sound pressure amplitudes occur after the microphone is
passed. Meanwhile, for the low-broadband fan, an opposite
tonal time characteristic is observed. For the low-tone
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design, the tonal sound pressure amplitudes are considerably
lower than the broadband amplitudes over all times.

In order to assess not only temporal structures but also
spectral patterns, Fig. 17 compares the monaural spectro-
grams between the different propulsion systems at the cen-
tral and lateral microphones. The monaural spectrograms
are provided to simplify the visualization, although the
audio files are binaural (see Mm. 2, Mm. 3, and Mm. 4).
The dashed vertical lines indicate the time overhead.

The spectrograms reflect the examined noise radiation
characteristics of the three distributed propulsion systems. If
the reference fan is used, the BPF tone and its harmonics are
clearly visible and broadband noise is masked by the fan
tones during all times of the flyover. If the low-broadband
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TABLE III. Maximum tone-corrected perceived noise levels (PNLT,,.y)
and effective perceived noise levels (EPNL) relative to the distributed pro-
pulsion system equipped with the baseline fan.

APNLTax [dB] AEPNL [dB]
Fan design Central Lateral Central Lateral
Low-broadband —8.2 —6.5 -7.0 —8.5
Low-tone —13.0 —122 —11.7 —13.0

fan is used, the BPF tones are shifted to higher frequencies
due to the increase in rotor blade count from 18 to 31. For
the low-tone fan, the fan tones are shifted to even higher fre-
quencies since the BPF tone is inverse cut-off, so that only
the second and third harmonic are visible in the spectro-
gram. Overall, the tonal noise content is remarkably reduced
resulting in a rather broadband-dominated noise immission,
although, especially at the central microphone, the second
blade passing frequency tone remains visible in the spectro-
gram [see 4000-5500 Hz in Fig. 17(c1)].

Comparing the central and lateral microphone positions,
the main differences are the lower absolute noise levels at
the lateral position, which are on the one hand due to the
longer propagation distances leading to increased atmo-
spheric absorption and spreading losses, and on the other
hand due to the impact of the noise directivities, which
show a stronger dependence on the axial direction than the
lateral one (as visualized in Fig. 14).

For the acoustic certification of future aircraft with ver-
tical takeoff and landing capabilities, as the considered
UAM vehicle presented in Fig. 1, a new standard is cur-
rently under development (EASA, 2023). As suggested by
EASA (2023), the noise evaluation metric is the effective

perceived noise level (EPNL) which is based on the tone-
corrected perceived noise level (PNLT(t)). The maximum
PNLT values and EPNL are shown in Table III for the low-
broadband and low-tone fan. The differences relative to the
values of the baseline fan are given. For both fan designs,
PNLT,,.x and EPNL are remarkably reduced at the central
and the lateral microphone positions. The EPNL is more
than 7dB lower if the distributed propulsion system is
equipped with the low-broadband fan, and for the low-tone
fan, an EPNL reduction of more than 11.7 dB is achieved.

3. Sound quality analysis

The values of the SQMs (as 5% percentiles) introduced
in Sec. I C4 are depicted in Fig. 18 for the three fan designs
and both the central and lateral microphones. The presented
values correspond to the takeoff procedure (see Table II,
Fig. 7, and Sec. I C 2). In addition, a similar analysis is also
performed for a horizontal flyover trajectory based on the
EASA specifications (EASA, 2023). For the horizontal fly-
over the same specifications and limitations apply as for the
takeoff procedure as listed in Sec. II C2, however, Cruise
operating conditions are considered as listed in Table II.
Since similar trends are observed for the horizontal flyover
as for the takeoff procedure, these results are not shown here
for the sake of brevity.

For comparison purposes, the results for the SQM of
sharpness, tonality, roughness, and fluctuation strength
[Figs. 18(b)-18(e)] also include the experimental values of
the Airbus A320 turbofan aircraft measured during takeoff
from Fig. 11. The metrics of loudness and PA were not
included in this comparison since they were considerably
higher for the turbofan aircraft. For comparison with the tur-
bofan case, it should be noted that different trajectories are

40 3.0 0.25
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— 30 ¢ lateral mic —2.5 8 8 S 0.20 |:*:| O lateral mic
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o 20.
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FIG. 18. Sound quality metrics [(a) loudness; (b) sharpness; (c) tonality; (d) roughness; (e) fluctuation strength] and psychoacoustic annoyance values (e)
for each fan design and for the takeoff procedure. The values for the central and the lateral microphones are included. For the turbofan, the results from the
measurements are re-plotted (see Fig. 11). For the baseline fan, the error bars refer to the JNDs, where each error bar is plotted as = JND.
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used, despite both being realistic takeoff trajectories (see
Figs. 7 and 8).

In terms of loudness [Fig. 18(a)] both the low-
broadband and low-tone fan designs achieve a reduction of
roughly 40% in both microphone locations. Since loudness
is the dominant SQM influencing the perceived noise annoy-
ance (Greco et al., 2023b), such a considerable reduction is
expected to be perceived positively in practice. In compari-
son with the Airbus A320 takeoff validation case (Fig. 11),
the UAM vehicle shows loudness values between two and
three times lower for the central microphone, and even
lower for the lateral microphone.

On the other hand, the sharpness values [Fig. 18(b)]
experience an increase from roughly 2.4 acum for the base-
line case to 2.6 and 2.8 acum for the low-broadband and
low-tone cases, respectively. This is explained by the higher
values of the BPF for the latter cases compared to the base-
line, see Fig. 17. This is particularly relevant for the low-
tone fan since the first BPF is (inverse) cut-off and only
higher-frequency harmonics are present, hence, the acoustic
energy is more distributed towards higher frequencies. In
comparison, the turbofan aircraft presents a considerably
lower sharpness value of 1.15 acum.

Regarding tonality [Fig. 18(c)], both the low-broadband
and low-tone fan designs provide a considerable reduction
with respect to the baseline. This is especially the case
for the low-tone fan design, as expected, which offers a
reduction in tonality of more than 70%, whereas the low-
broadband fan design presents a lesser reduction of approxi-
mately 40%. It should be noticed that the tonality values at
the lateral microphone (denoted as white markers) are con-
sistently higher than those at the central microphone. This is
explained by the relatively higher prominence of the tones
for the lateral microphone shown in the spectrograms of Fig.
17, due to the noise radiation directivity patterns observed in
Figs. 13 and 14. In contrast, the measured A320 takeoff pro-
cedure presents a tonality value (around 0.11 t.u.) similar to
the baseline fan design case. It is interesting to note that the
distributed propulsion system equipped with the baseline
fan and the turbofan generate similar tonality values at take-
off conditions. On the one hand, for the baseline fan, the rel-
atively high tonality value results from the blade passing
frequency tone and its second, third and fourth harmonic
which are the dominant tonal frequencies and which are
well visible in the spectrogram (see Fig. 17). On the other
hand, for the turbofan, the BPF tones and its harmonics are
either cut-off or damped by a liner and are therefore not visi-
ble in the spectrogram [see Fig. 9(a)]. Thus, the buzz-saw
tones, which are the dominant tonal frequencies for the tur-
bofan, are responsible for the relatively high tonality value.

The two proposed fan designs also reduce the roughness
metric compared to the baseline case [Fig. 18(d)]. Once
again, the low-tone fan design has higher reductions (between
70% and 80% compared to the baseline) than the low-
broadband one (between 55% and 65% compared to the base-
line) for both microphone positions. With a roughness value
of about 0.13 asper, the turbofan aircraft shows again
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comparable values to the baseline fan design case. A similar
behavior is observed for fluctuation strength [Fig. 18(e)] but
with relatively smaller reductions: between 40% and 50% for
the low-broadband design and between 42% and 62% for the
low-tone one. The Airbus A320 takeoff presents again com-
parable values to the baseline fan design in terms of fluctua-
tion strength, with a value of approximately 0.5vacil. It
should be noted that, since both metrics are based on ampli-
tude modulations, the values of roughness and fluctuation
strength are relatively sensitive to the rotational speed fluctu-
ations within the fans, as discussed in Schade et al. (2024b).

Last, to classify the order of magnitude of a relevant
change for each SQM, the JNDs are plotted in Fig. 18 as
error bars showing the =JNDs. The JNDs indicate that the
two low-count OGV fan stages (low-broadband and low-
tone) offer reductions for all considered metrics well above
one noticeable difference, despite a slight increase in sharp-
ness which is, however, deemed as non-relevant since it is
below one noticeable difference. The global psychoacoustic
annoyance (PA) metric is evaluated for the three fan designs
and the two microphone locations in Fig. 18(f). In this case,
the decreases in PA obtained by the low-broadband and the
low-tone fan designs with respect to the baseline case are
virtually the same, with reductions of approximately 38%
and 47% for the central and the lateral microphone, respec-
tively. Despite the differences in sharpness, tonality, rough-
ness, and fluctuation strength, the psychoacoustic annoyance
model employed is strongly based on loudness (Di et al.,
2016; Merino-Martinez et al., 2022), and since this metric is
comparable in both fan designs [see Fig. 18(a)], the global
PA values end up being very similar.

Comparing the reduction in PA from Fig. 18(f) with the
reduction in PNLTm and EPNL from Table III, it is notice-
able that the low-tone fan design leads to a considerable
reduction in PNLT;,,x and EPNL compared to the low-
broadband design at both microphones, whereas this is not
reflected in the PA values, since both fans have almost iden-
tical PA values, as described above. Consequently, although
a reduction of EPNL is observed, no reduction of PA
between low-tone design and low-broadband design is deter-
mined. This confirms the initial hypothesis that propulsion
designs with lower EPNL do not necessarily result in lower
annoyance. However, the validity of the PA model formu-
lated by Di et al. (2016) should be further examined in
future listening tests.

Mm. 2. Binaural audio file of the distributed propulsion
system equipped with the baseline fan at the central
microphone of the takeoff procedure.

Mm. 3. Binaural audio file of the distributed propulsion
system equipped with the low-broadband fan at the cen-
tral microphone of the takeoff procedure.

Mm. 4. Binaural audio file of the distributed propulsion
system equipped with the low-tone fan at the central
microphone of the takeoff procedure.

Schade et al.

60:¥:90 G202 IdY 60


https://doi.org/10.1121/10.0036228.2
https://doi.org/10.1121/10.0036228.3
https://doi.org/10.1121/10.0036228.4
https://doi.org/10.1121/10.0036228

V. SUMMARY AND CONCLUSION

In this paper, the acoustic characteristics of a distributed
propulsion system of an urban air mobility vehicle were investi-
gated. The considered propulsion system consists of 26 low-
speed, ducted fan stages, where three acoustically different fan
designs are examined: a baseline design, a low-broadband noise
design, and a low-tonal noise design. The noise emissions of the
distributed fan stages were predicted analytically, propagated
through the atmosphere to a central and a lateral microphone
using virtual flyover simulations and were auralized to obtain
the audio recordings. To examine the perception of human hear-
ing, several sound quality metrics were calculated. A validation
of the auralization framework was provided based on measure-
ment data from an A320 takeoff.

It was found that the distributed propulsion systems
generate noise directivities with complex interference pat-
terns showing a strong dependence on the axial and lateral
angles. Compared to the distributed propulsion system
equipped with the baseline fan, the low-broadband noise
design achieves reductions of more than 6 dB for the maxi-
mum tone-corrected and effective perceived noise levels
(PNLT,x and EPNL) at both microphones, whereas the
low-tonal noise design achieves an even higher reduction of
more than 11dB. In addition, compared to the baseline
design, the low-broadband and low-tonal noise designs
reach a notable decrease in loudness, tonality, roughness,
fluctuation strength, and, globally, psychoacoustic annoy-
ance which is predicted by a model from Di et al. (2016).
However, the reduction in PNLT,,,x and EPNL for the low-
tonal noise design compared to the low-broadband noise
design is not reflected in the psychoacoustic annoyance met-
ric as both designs achieve similar values for psychoacoustic
annoyance. Moreover, both fan designs showed higher lev-
els of sharpness compared to the baseline design due to their
relatively stronger high-frequency noise content.

Regarding the comparison with the A320 turbofan engines,
comparable or even lower values of tonality, roughness and fluc-
tuation strength are achieved for the low-broadband noise and
low-tonal noise fan designs, whereas sharpness is notably
increased for all distributed propulsion systems.

VI. OUTLOOK

The installation of the fans on the wings should be
addressed in future studies and the impact of boundary layer
ingestion (BLI) on the psychoacoustic characteristics of the
propulsion system should be examined. The impact of BLI
will affect all fan designs particularly the low-tone fan, as
the tonal noise emission of this fan benefits from the inverse
cut-off of the blade passing frequency tone. This acoustic
effect could be neutralized by BLI as additional acoustic
modes and noise sources will be excited (Quaroni et al.,
2024). This may result in stronger tonal noise radiation,
which in turn may change the psychoacoustic characteristics
of the propulsion system.

The fan noise emission, examined in Sec. IVB 1, is cal-
culated using an analytical noise prediction method. These
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results will be validated in future measurements conducted at
CRAFT test facility. The measurements are already sched-
uled within the project VIRLWINT. As part of the measure-
ment campaign, an inflow distortion representative for the
boundary layer on the wing is designed to assess the impact
of BLI on tonal noise emission for all considered fan designs.
In addition to validating the noise emission, the measurement
data also allows one to perform the auralization process chain
not only with analytical input as in this paper, but also based
on measured noise directivities so that the results can be com-
pared and validated. Furthermore, airframe noise, neglected
for this study, will be included in future auralizations as part
of the ongoing DLR project LUFT 2030.

Regarding the distributed low-tone fans, the tonal noise
levels are lower than the broadband levels for almost all
radiation angles (see Sec. IVB 1), leading to lower sound
pressure amplitudes at both microphones compared to the
broadband amplitudes (see Sec. IVB2) and to the lowest
tonality and loudness values (see Sec. IV B 3). This offers
the potential to design a liner not for a specific tonal fre-
quency but for a wider frequency range to increase the
acoustic attenuation of broadband noise, as for example
examined by Sutliff ez al. (2021).

To confirm the results obtained from the sound quality
analysis and obtain new insights on the perceptual differences
of the fan designs, psychoacoustic listening experiments with
human subjects are of high interest and are planned for the
near future. The low-broadband and low-tone fan designs are
particularly suited for listening experiments as the loudness
and psychoacoustic annoyance values are comparable
between both designs, whereas other SQMs like roughness
tonality or fluctuations strength are different. Therefore, such
a psychoacoustic study would provide insights on the relative
role of other SQMs while having similar loudness levels, as
suggested by Boucher et al. (2024b).
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