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Abstract

In order to provide an innovative form of urban air mobility, a new and versatile generation
of small, highly automated aircraft is currently being developed. This is made feasible by
the development of new technologies such as electrified powertrains, Vertical Take-Off and
Landing capabilities and distributed propulsion systems. The operation of these novel
aircraft types will generate a new source of air traffic noise. In particular, the perception
of noise and the annoyance caused by these aircraft and their distributed propulsion
systems are likely to deviate from those of conventional aircraft and will also depend on
psychoacoustic effects. Thus, the noise emission and its subjective perception will be key
factors for the success of urban air mobility vehicles and their acceptance by society. In
order to investigate acoustic effects that enable low-noise aircraft design, a multidisciplinary
approach is applied to develop new aircraft concepts for urban air mobility. This approach
includes the conceptual design of two vehicles, one vehicle with tilt-rotors and one with
tiltable, ducted fans; the sizing of an electric powertrain; the design and manufacturing of a
wingtip rotor; and the design and manufacturing of the low-speed ducted fans. This paper
presents the design of the two vehicle architectures, including their electric powertrain, as
well as the aerodynamic and acoustic performance of the rotor and fan.

Keywords: urban air mobility; distributed electric propulsion; noise perception

1. Introduction and State of the Art
1.1. Motivation

In the civil transportation sector, the use of urban air mobility (UAM) vehicles is
receiving increased attention, with an emerging variety of different vehicle designs (see,
for example, [1–7]). Electrified propulsion systems with distributed, low-speed fan stages
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or distributed propellers are being developed for next-generation urban and regional
aircraft. The noise emission of the propulsion system is a dominant acoustic source,
which may be perceived as annoying. Therefore, a detailed investigation of the acoustic
mechanisms as well as psychoacoustic metrics is required, thus enabling a low-noise
propulsion system design.

Recent studies have examined a number of innovative propulsion and design concepts
for aircraft based on distributed and hybrid approaches. Kim et al. [8] review distributed
electric propulsion (DEP) technologies, highlighting their potential to enhance vehicle
performance, the robustness of their design and their efficiency. Green et al. [9] provide
a conceptual sizing and performance study for an electric distributed propulsion system.
Brelje and Martins [10] present a comprehensive overview of propulsion concepts for
fixed-wing aircraft with varying degrees of electrification, ranging from fully electric to
hybrid and turboelectric systems. Their work considers configuration options, underlying
technologies, and design methods, and outlines the technological obstacles impacting the
development of future aircraft with electrified propulsion. Researchers from the National
Aeronautics and Space Administration (NASA) published a broader series of work investi-
gating vehicle requirements and technology constraints for future UAM vehicles. As part of
this series, Johnson et al. [1] and Silva et al. [11,12] provide the conceptual design of several
VTOL (Vertical Take-Off and Landing) concept vehicles, Patterson et al. [13] establish a
set of UAM sizing mission requirements and Antcliff et al. [14] discuss the technology
assumptions made to design the vehicles and identify future research directions for the
next generation of UAM vehicles.

1.2. Acoustics of Distributed Electric Propulsion Systems

The noise generated by single open rotors and that by ducted fans are classical prob-
lems in aeroacoustics (see, for example, [15–18] and [19–22]). In both cases, the far-field
sound pressure spectrum, which consists of tonal and broadband noise contributions, is
highly directional.

When the interaction of multiple open rotors or fans with other propulsors and/or
with the airframe and other supporting structures is taken into account, the noise radiation
becomes even more complex, and additional interaction noise sources may emerge as well.
Moreover, propulsion systems with distributed thrust offer new degrees of freedom in terms
of design compared to conventional engine configurations, for example, with regard to the
number and arrangement of propulsors on an aircraft. For instance, Borer et al. [23] provide
the conceptual design of the NASA SCEPTOR flight demonstrator, for which an existing
aircraft is reconfigured with a distributed propulsion system through multiple leading-edge
propellers and larger wingtip cruise propellers. With regard to the aerodynamic design,
the authors conclude that this design approach enables a reduction in wing area and
drag with maintained performance at low speeds, illustrating how distributed propulsion
can provide aerodynamic improvements in electric aircraft. With regard to acoustics,
new degrees of freedom may represent an opportunity to reduce noise emissions in the
future. However, new degrees of freedom may also change the aural impression of these
distributed electric propulsion systems compared to conventional concepts. Reasons for
this difference are acoustic interaction, modulation and interference effects mainly resulting
from the number and installation of the propulsors (see, for example, [24–26]). Due to
these effects, the noise perception by human observers and the subsequent annoyance
may also be different compared to common small aircraft. In addition, psychoacoustic
measures, such as loudness, sharpness, tonality, roughness and impulsiveness, are prone to
be affected by distributed electric propulsion systems, e.g., due to variations in rotational
speed of single propulsors, interference effects, shielding, interaction noise sources and the
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additional high-frequency tonal noise contribution from high-power, fast-running electric
motors [27]. Thus, noise perception will be a key factor regarding the public acceptance of
these aircraft concepts [28].

One prototype UAM vehicle for which acoustic data are available is the Joby aircraft,
an eVTOL (electric Vertical Take-Off and Landing) aircraft driven by six tiltable five-bladed
open rotors. In [29], detailed microphone arrays are described, which are used to obtain
noise contours of departures and approaches of the Joby prototype vehicle. The results
were used for comparison with high-fidelity computations of flyover noise [30] as well
as approach and departure noise [31], showing reasonable agreement. More recently,
detailed acoustic wind tunnel measurements on the propellers of the Joby aircraft were
performed [32], providing a database for further validation of noise prediction tools.

1.3. State-of-the-Art Noise Prediction and Acoustic Assessment

Past research has already focused on the prediction of aircraft noise by evaluating
the generation and radiation of noise in the early phases of conceptual design. In the
investigation by Iemma and Diez [33], models for the prediction of airframe noise were
included in an optimization routine for aircraft conceptual design, although noise from
the propulsion system was not considered. The flyover noise from the hybrid wing–body
aircraft design HWB C11 by NASA was predicted and compared to that of a reference
tube-and-wing aircraft by Rizzi et al. [34] using the NASA Aircraft Noise Prediction Pro-
gram (ANOPP). The results are audio and visual representations that can be used in further
studies to determine psychoacoustic metrics. This methodology was further illustrated
in [35] using four different case studies, showing that it is indeed possible to evaluate
human perception to aircraft noise during the design process. This methodology was also
applied to the SCEPTOR aircraft design with a distributed electric propulsion system as
mentioned above [36], which includes the prediction of propeller noise performed with the
PSU-WOPWOP code [37]. Through psychoacoustic tests on 32 subjects, it was observed
that annoyance varies significantly with the number of propulsors and with time-varying
effects such as atmospheric turbulence but not with differences in rotational speed between
propellers. Another methodology to predict aircraft noise annoyance metrics as part of
the aircraft design was published by Sahai et al. [38]. It is based on the Integrated Noise
Simulation and Assessment module (INSTANT) [39] and allows for the calculation of phys-
ical (certification-related) noise metrics, such as the effective perceived noise level (EPNL),
as well as perception-based metrics. Another tool for the prediction of aircraft flyover
noise is sonAIR [40], developed by the Swiss Federal Laboratories for Materials Testing
and Research (EMPA). It allows the calculation of physical noise metrics, including noise
maps. The program was also extended to the prediction of noise from multicopters [41],
wherein the modeling of the rotor noise emission was based on measurements. At the
German Aerospace Center (DLR), the tools PANAM (Parametric Aircraft Noise Analysis
Module) [42] and PropNoise (PropulsionNoise) [43] were developed for the prediction
of total aircraft noise and propulsion system noise during the conceptual design phase,
respectively. Recently, PANAM was integrated into a routine for the perception-based
noise assessment of a future blended wing body aircraft concept with geared turbofan
engines [44]. With the aim of simulating and auralizing the sound emitted by aircraft
propulsion systems, PropNoise was recently integrated into a framework [45] together with
the tools VIOLIN (virtual acoustic flyover simulation) and CORAL (aircraft engine noise au-
ralization), allowing for virtual flyover simulation and binaural noise synthesis [45]. Initial
studies were conducted using this framework to evaluate the influence of fan design [46]
and impact of rotational speed variations [47] on the psychoacoustic characteristics of a
distributed propulsion system.
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A more general review of state-of-the-art methods for aircraft noise prediction, simula-
tion and minimization is given in [48], while a comparison of three different aircraft noise
prediction programs can be found in [49].

1.4. The VIRLWINT Project

In a current research project of the German Aerospace Center called VIRLWINT, two
different eVTOL vehicle concepts have been designed with the aim of enabling detailed
investigations of the noise emission and noise perception caused by different distributed
electric propulsion systems. One design is based on the use of eight distributed open rotors,
while the second vehicle is powered by 26 distributed ducted fans. Based on these vehicle
designs, an experimental acoustic investigation of the propulsion systems will be performed
in the next step of the project based on predictions of sound radiation calculated on the basis
of detailed acoustic measurements on individual propulsors as well as a representative
electric machine. Thus, the project’s approach described in the current report is basically
similar to some of the previous studies [36,50]. However, it should be emphasized that the
focus of the VIRLWINT project is on the perceived noise from two UAM concept vehicles
with distinctly different propulsion systems, which, to the authors’ best knowledge, has
not been investigated before.

Typically, the acoustic design process relies on the evaluation of single noise metrics,
such as the sound pressure level or the EPNL. These metrics reduce complex noise exposure
to a single value. The design with the lowest value, e.g., the lowest EPNL, is usually chosen.
However, EPNL, although relevant for noise certification, may not capture psychoacoustic
characteristics and hence human perception. Consequently, the minimum-EPNL design
is not always the least annoying [35,51]. This issue is especially important for distributed
electric propulsion systems, whose noise signatures differ from those of conventional
aircraft [28,52]. A solution is to link acoustic design with listening tests involving human
subjects. In this loop, synthesized audio files serve as stimuli, and the resulting subjective
ratings then guide the design process. This approach is known as perception-informed
design [35]. Auralization enables perception-informed design by converting analytical,
numerical, or experimental data such as time-dependent sound pressure levels from virtual
flyovers into audio files. These files can then be used in listening experiments [53–55]. Thus,
auralization bridges metrics-driven and perception-influenced design, making the engine
and vehicle noise signatures both quantifiable and perceptible. A detailed comparison of
two auralization methods is given in [56], which even mentions the necessity of annoyance
models for the design of UAM vehicles. The VIRLWINT project advances this pathway by
developing a measurement-informed auralization framework to provide highly accurate
auralization data of distributed electric propulsion systems. This measurement-informed
auralization framework is an extension of the above-mentioned analytical framework
based on PropNoise, VIOLIN and CORAL. Therefore, high-precision measurements of
representative propulsors, taken in a fan test facility and an aeroacoustic wind tunnel,
and measurements of a representative electric machine are combined with the virtual
flyover (VIOLIN) and binaural noise synthesis (CORAL) framework. This yields noise
signatures for different distributed electric propulsion systems. The resulting audio files
will then be used in listening tests with human subjects in a later phase of the VIRLWINT
project. In order to enable these psychoacoustic studies, a conceptual design of two
electrically powered UAM vehicles, including their powertrains and propulsion systems,
was performed.
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1.5. Outline of This Report

This report outlines the conceptual UAM vehicle design as well as the design of the
open propellers, ducted fans and the electric powertrain, all having a major influence on
aircraft mass, performance and noise. However, it should be noted that psychoacoustic
analyses will be performed at a later stage of the VIRLWINT project and are thus not
covered in the present report. The basic procedure of this work is outlined in Figure 1.
Thus, the present report is meant to serve as an overview of the technical disciplines that are
involved in the design of such concept vehicles. It is organized as follows: The Top-Level
Aircraft Requirements (TLARs) are detailed in Section 2. The conceptual design of the two
vehicles is detailed in Section 3 and that of the electric powertrain in Section 4. Section 5
then describes the design of an example electric machine, Section 6 handles the propeller
design and Section 7 describes the design of the ducted fans. Finally, Section 8 summarizes
the main findings and provides an outlook for future studies.
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Figure 1. Overview of the basic content of the present study.

2. Top-Level Aircraft Requirements and Initial Powertrain Considerations
The initial Top-Level Aircraft Requirements are identical for both vehicle concepts and

should reflect the use case of an intercity urban passenger transport. They were derived
from previous results of the HorizonUAM project [57], in which a wide range of UAM
use cases and their corresponding vehicle requirements were proposed. The most relevant
parameters are summarized in Table 1, while additional considerations are discussed in the
following. The corresponding altitude and velocity of the selected mission are shown in
Figure 2. Potential use cases demand vehicles with VTOL capability for brief hover times
of less than 30 s. The aircraft must comply with EASA’s special condition for VTOL, which
limits the Maximum Take-Off Mass (MTOM) to less than 3175 kg. The design must ensure
continued safe flight and vertical landing in any failure scenario. Further requirements,
aligned with Uber Elevate, dictate that infrastructure constraints be met, limiting the overall
dimensions to 15.3 m× 15.3 m× 6.1 m (length×width× height). Moreover, taxiing during
ground operations must be possible without external devices, requiring the vehicle to
maneuver independently of ground support equipment. Finally, the avionics systems shall
support highly automated flight operations, even though initial UAM applications may
involve piloted vehicles.
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Table 1. Initial Top-Level Aircraft Requirements for both vehicle designs.

Range 100 km (plus 20 min reserve)
Flight speed 200–250 km/h
MTOM <3175 kg
Payload 450 kg (1 pilot + 4 passengers)
EIS 2030–2035
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Figure 2. Altitude and velocity mission profile used for both vehicles.

On the overall propulsion system level, two different propulsion units, i.e., open
rotors and ducted fans, are planned for the design in order to analyze and assess them
in acoustic studies at a later point. Regarding the design of the electric powertrain, three
different topologies are being considered: one is a fully battery-electric propulsion system,
the second is a propulsion system powered solely by fuel cells and the third is a hybrid
system with varying degrees of hybridization.

3. Conceptual Vehicle
3.1. Method

Based on the initial TLARs, the conceptual vehicle design process is initiated to derive
the overall vehicle specifications, including basic geometry and performance parameters.
The design and sizing methodology employed in this work is based on established hand-
book techniques derived from Class II methods in conceptual aircraft and rotorcraft design.
Special emphasis is placed on methods suitable for unconventional vehicle configurations
within UAM applications. This methodology was first applied and integrated into a broader
simulation framework for vehicle and fleet-level design in the work presented in [58,59],
and is documented in full detail in [60].

The design and assessment of novel vehicle concepts requires the integration of mul-
tiple disciplines. It begins with the initial sizing and concept development of the vehicle
architecture, including powertrain sizing, and extends to the detailed design of the propul-
sors, which are a key focus of this project for subsequent comparative noise assessments.
This results in an iterative, multidisciplinary workflow spanning all the disciplines outlined
in the following sections. Their interactions, along with high-level data and information
exchange throughout the design process, are illustrated in Figure 3. As part of the con-
ceptual design phase, an initial vehicle was developed using the baseline parameters of
the conceptual design tool. The initial results, including mission and point performance
characteristics of the vehicle (e.g., aerodynamic coefficients and propulsive power), were
used as a baseline for the detailed design disciplines discussed in the subsequent chapters.
Subsequently, the outputs of the detailed design disciplines (e.g., propulsion system per-
formance and powertrain masses) were integrated back into the overall vehicle model to
further refine the vehicle concepts.
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Figure 3. Schematic overview of the multidisciplinary vehicle design workflow as organized in the
extended design structure matrix.

Figure 4 provides an overview of the methodological building blocks used for the
initial sizing and overall aircraft design of the two vehicle architectures. The process
starts with mission parameters and geometrical considerations of the fuselage, wing and
propulsor as primary inputs. Based on these inputs, an initial sizing of the wing and
propulsor is performed, including the estimation of their performance characteristics.
Subsequently, the component masses are estimated and iterated until convergence of
the MTOM is achieved. The implementation and application of this tool were validated
against other research in the field of UAM vehicle design, showing good agreement (see
the validation presented in [60]). Consequently, the tool was employed for the design of
these novel vehicle concepts within the context of this work. The initial sizing results were
then iteratively updated based on domain-level sizing results (e.g., powertrain, propeller,
or ducted fan as illustrated in Figure 3) to enable comprehensive overall aircraft design and
mission performance analysis.

3.2. Results

Following sensitivity studies of the initial TLARs and qualitatively comparative studies
of the architectural and configurational vehicle design options, the design space was
narrowed down step by step. Based on sensitivity studies for both vehicle concepts,
the design range and cruise speed were found to be highly sensitive to the sizing of the
battery-electric powertrain. As a result, the optimal design point was identified with a
range of 100 km and a cruise speed of 200 km/h. It is important to note that this design
range does not account for reserves; however, an additional 20 min of loiter time—nearly
half of the operational-flight duration—is included. The operational range may eventually
be extended by accounting for the required reserves during flight planning for the actual
transport network.
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Finally, the iterative conceptual vehicle design process resulted in two concepts that
represent a preliminary design output, which will be finalized as soon as all higher-fidelity
simulations and assessments are fed back to the overall vehicle design loop at a later stage.
Figures 5 and 6 display the resulting 3D models of both vehicle concepts (note that the two
figures are not shown to the exact same scale). The specifications, including basic geometry
and performance parameters, can be found in Table 2.

(a) Isometric view. (b) Side view.

Figure 5. 3D model of the tilt-rotor vehicle concept showing the integration of the open rotors, with
overall dimensions 7.7 m× 13.9 m× 5.1 m (length×width× height).

(a) Isometric view. (b) Side view.

Figure 6. 3D model of the tilt-duct vehicle concept showing the integration of the ducted fans, with
overall dimensions 7 m× 11.7 m× 3 m (length×width× height).

Table 2. Vehicle specifications.

Tilt-Rotor Tilt-Duct

MTOM, kg 2334 2927
Payload mass, kg 450 450
Airframe mass, kg 676 677
Powertrain mass, kg 1019 1600
Systems mass, kg 189 200
Disc loading, N m−2 1065 6645
Number of disks 8 26
Disc diameter, m 1.85 0.46
Wing area, m2 12 12.6
Wing span, m 12 11.7
Canard area, m2 – 7
Canard span, m – 7
Hover power, kW 896 1259
Cruise power, kW 105 156
Cruise lift-to-drag ratio 12.1 10.2

While each vehicle concept could be further optimized by adjusting the TLARs, leading
to two distinct optimal solutions, the focus here was to design both concepts for the same
design point. This approach was chosen to allow for better comparison in the acoustic
studies and, at the same time, to design generally representative UAM vehicle concepts.
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Initial higher-fidelity RANS (Reynolds-Averaged Navier Stokes equation)-based stud-
ies of the tilt-rotor vehicle concept were performed using the DLR TAU-Code [61,62].
The main goal of these simulations was to refine the aerodynamic design of the vehicle
to a degree which enables the derivation of a representative wind tunnel model, which is
intended to be used to provide input data for the auralization of a tip-mounted-propeller
configuration. Additionally, the RANS results will be used to guide a possible future
refinement of the tilt-rotor vehicle as well as to support the development and improvement
of the tools, approaches and assumptions used in the conceptual vehicle design.

Utilizing a semi-automated process chain comprising a parametric CAD model,
the mesh generation process and the TAU CFD simulation, the wing and horizontal
tailplane twist was iterated at four and two spanwise stations, respectively, with the
aim of achieving the required overall aircraft lift for trimmed flight at the cruise operating
point. Based on the specifications and the geometrical output of the conceptual design,
the main modifications introduced in the CAD model used for the RANS studies were the
omission of the landing gear to simplify the mesh generation process, the introduction of a
dorsal fairing to allow for an aerodynamically clean intersection of the wing and fuselage
and the modification of the specified baseline airfoils to obtain realistically sized thick
trailing edges.

A view of the aerodynamically refined configuration as iteratively developed in these
high-fidelity studies can be seen in Figure 7, which shows a result of the RANS simulation,
plotting contours of vorticity to highlight the development of wakes and vortices around
the aircraft.

Figure 7. RANS simulation result of the aerodynamically refined tilt-rotor at cruise conditions.

Also evident in Figure 7 is the use of the actuator disc propeller model in the TAU-
RANS simulations to ensure that propeller slipstream and power effects on the vehicle are
captured and accounted for in this aerodynamic analysis.

The final iteration in the RANS-based study, a vehicle that achieves the required
lift for trimmed flight at the cruise operating point, was found to show a notably higher
efficiency than determined in the conceptual design. The lower drag of the airframe found
in the CFD analysis is partially due to the omission of the landing gear but also indicates
that some overly conservative estimates on component drag values were likely assumed
in the conceptual design. Thus, it is quite possible that there is significant potential to
further optimize the tilt-rotor vehicle and/or the mission specifications in possible follow-
up investigations.
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Another iteration of the RANS-based aerodynamic design refinement is planned,
as the specified baseline airfoils were found to result in a wing thickness at the intersection
with the wingtip propeller nacelle that will be unsuitably thin in the planned model scale
to accommodate all the required instrumentation. Finally, a verification of the hover perfor-
mance of the air vehicle is planned to ensure that this operating point is also comfortably
achievable with the baseline configuration developed in the conceptual design.

4. Powertrain
4.1. Method

For both of these vehicle concepts, different powertrain topologies are analyzed by
means of preliminary sizing results. The three powertrain topologies (battery, fuel cell and
hybrid system) are each sized for the respective vehicle requirements. An overview of the
topologies and the components represented within is shown in Figure 8. All powertrains
have the left side in common, starting with the mechanical shaft power from the propeller
via an optional gearbox over an electric motor and inverter to direct current (DC) electric
power. This part, called the electric drivetrain (EDT), has a dedicated active thermal
management system (TMS) for its components. Depending on the type of powertrain,
the DC electric power is preconditioned to the system-level voltage and supplied by either
batteries, a fuel cell system (FCS), or a combination of both in the hybrid variant.

Propeller Gearbox Electric
Motor

Inverter Converter Fuel Cell
System

H2-Tank

Converter BatteryTMS EDT TMS FCS

Mechanical power Electrical power Thermal power Chemical energy

Figure 8. Overview of powertrain topologies and components.

An in-house tool is used for the preliminary sizing of the powertrain components
in terms of performance, mass and volume. The individual components are modeled for
their performance as described by Staggat et al. [63] and Ludowicy et al. [64]. An empirical
model is used for the gearbox, while the motor and inverter use analytical models which
assume a permanent magnet synchronous motor and a three-level neutral-point-clamped
architecture for the inverter. Based on polarization curves from existing proton-exchange
membrane fuel cells, with the addition of simple analytical descriptions of the necessary
balance of plant components, the fuel cell system is modeled semi-empirically. To calculate
masses, the power-to-weight ratios or energy densities listed in Table 3 are used to account
for technology projections. Exceptions are the TMS and the hydrogen tank. For the TMS,
the components within (heat exchanger, pipes, pumps, fluids, fans) are sized based on a
mix of empirical and analytical models. The whole TMS design process was described in
more detail by Link and Staggat [65]. Bahrs et al. [66] described the sizing of the hydrogen
tanks using analytical models for the different storage options, which include gaseous
storage tanks at different pressure levels, different metal hydride storage systems and a
cryogenic storage tank.
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Table 3. Powertrain mass estimation values.

Component Mass Estimation Value

Electric motors 13.2 kW/kg
Power electronics 13.8 kW/kg
Fuel cell system 6 kW/kg
Batteries 391 Wh/kg

The sizing of the components is based on the shaft power requirements over the course
of the whole mission, which is shown in Figure 9. For the EDT components, the design point
is simply the maximum shaft power output during the mission with the environmental
conditions in the corresponding flight phase. The FCS is sized either for the same design
point to solely deliver the electric power to the EDT or, in the case where the powertrain is
a hybrid system, by the hybridization factor

HP =
Pelectric design FCS

Pelectric design EDT
, (1)

whereby its design power is put in relation to the electric power for the EDT in the design
point. The definition allows battery-only powertrains (HP = 0), all combinations of hybrids
utilizing battery and fuel cell systems to different degrees (0 < HP < 1) and fuel-cell-only
options (HP = 1). After the design of these systems, in the mission simulation, the fuel cell
system is always utilized first and the battery only used when necessary. This hybridization
strategy can be described as peak power shaving.
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Figure 9. Power profiles for both vehicles.

The battery and the hydrogen tank are sized after the entire mission is simulated with
the sized components using discrete time steps. For the hydrogen tank, the consumed
hydrogen masses of each mission time step are summed, and different storage options are
analyzed, of which the lightest is chosen. For the battery sizing, the actual power drawn
in each time step is used, and cells are added to the battery in parallel or series until the
required overall energy, power in each time step and voltage requirements are fulfilled by
the battery pack. Based on the nominal capacity of this battery, the mass is calculated using
the battery gravimetric energy density to enable technology projections. The battery sizing
algorithm is described in more detail in Ludowicy et al. [64]. One major change was made
to the model, where the underlying cell curves of the single battery cell behavior were
exchanged for curves representing a higher-power cylindrical 4680 battery cell used in
electric cars [67]. A comparison of the maximum discharge c-rates of both cells is depicted
in Figure 10. The standard higher-energy cell that was previously used proved not to be
the ideal cell type for these powertrains, as the batteries had to be significantly oversized to
ensure that the required power could be drawn over the course of the missions.
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Figure 10. Battery cell comparison.

An iterative process between the propulsion system and vehicle design should be
employed to converge on the final configurations of the tilt-rotor and tilt-duct vehicles.

4.2. Results

The powertrain configuration significantly impacts total vehicle mass and therefore
noise generation. The presented vehicle designs are only valid with the powertrain masses
listed in Table 2. With different powertrain topology and powertrain inputs, the total
powertrain mass varies, but those results are not iteratively fed back to the vehicle design;
all powertrain results are based on the previously presented vehicle designs and their
requirements. A new iteration between vehicle and powertrain design would have to be
carried out until convergence to get absolute results on powertrain masses.

Exemplary results for battery-only powertrains for both vehicle concepts are shown
in Table 4. The battery-only powertrain for the tilt-rotor vehicle in this interim calculation
weighs 1196 kg. The largest share, as was expected, belongs to the batteries, with 570 kg
or nearly 48%. The second largest contributor is the electric motors, with 237 kg or 19.8%,
followed by the tilt mechanism, the power electronics and the propulsor itself as well as the
TMS. The powertrain is 1196 kg heavier than the assumed 1019 kg from the vehicle design;
hence, the vehicle could not be built as is. Further studies presented in Ludowicy et al. [67]
showed that a design with a hybrid powertrain would be possible and would even exceed
the requirements.

Table 4. Battery powertrain mass breakdown.

Masses in kg

Tilt-Rotor Tilt-Duct

Propulsors 30.23 42.15
Tilt Mechanisms 154.25 215.05
E-Motors 237.06 118.65
Inverters 99.37 104.36
TMS EDT 30.35 54.29
Converter Batteries 74.45 107.42
Batteries 570.59 937.77

Total 1196.30 1580.06

From the mission data shown in Figure 9, it is already clear that the tilt-duct vehicle
has higher maximum power requirements over the mission than the tilt-rotor vehicle,
and hence a higher powertrain mass is to be expected and assumed, at 1600 kg. The battery-
only powertrain for the tilt-duct vehicle in this calculation weighs about 1580 kg; hence,
the vehicle is a valid design. Again, the batteries comprise the largest share, this time with
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nearly 60% of the total mass. For this powertrain, the electric motors are not as heavy and
are lighter than for the tilt-rotor vehicle, with only 118 kg or 7.4% of the whole powertrain.
The reason is the difference in the rotational speeds of the propulsors, as the ducted fans
run at a faster rotational speed than the propellers. Higher rotational speeds allow for
lighter motor designs with lower torque and, therefore, lower current and mass.

Figure 11 shows the state of charge and battery cell voltage over the course of the
mission for the tilt-rotor vehicle powertrain. It can be seen that in this case, the batteries are
not fully discharged over the course of the mission to the 20% deep discharge protection
level. Instead, they retain about 30% of their nominal capacity and are therefore oversized
from an energy-only perspective. The reason is the battery load profile and its impact on
battery cell voltage. The cell voltage drop to just over 2.5 V (the lower voltage limit) at the
end of the mission is congruent to the peak in power in the mission profile in Figure 9 for
the vertical landing. It is essential for the battery size to still be able to deliver the requested
power at the corresponding state of charge, yielding an energy-oversized battery. A battery
model purely focused on energy content would therefore underestimate the battery mass.
These results emphasize the importance of a suitable battery model to be able to capture
these effects.
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Figure 11. Tilt-rotor battery results.

Gearboxes with different transmission ratios were also analyzed for both vehicles,
and the results for the tilt-duct battery powertrain are depicted in Figure 12. There is a
mass optimal gearbox transmission ratio of about 0.5 which results in double the motor
rotational speed and hence lighter motors. The motor mass is reduced by about 40%, but the
additional mass of the gearbox plus further mass penalties due to a decreased efficiency of
the powertrain increase the total mass again. Therefore the minimum mass of a powertrain
including a gearbox is, in this scenario, 1582 kg, slightly higher than the variant without a
gearbox and 1580 kg of total mass as listed in Table 4.
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Figure 12. Tilt-duct gearbox study.
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In addition to the battery-only powertrain, hybrid powertrains comprising batteries
and an FCS were analyzed for both vehicles, as presented in Figure 8. The results for
the tilt-duct vehicle are shown in Figure 13. For hybridization factors between 0.1 and
0.45, the overall powertrain mass of the hybrids is lighter than the battery-only variant.
The mass minimum is found at about 0.19, with only 1508 kg of total powertrain mass.
This configuration has a fuel cell system sized to slightly above the electric power demand
during cruise; hence, during cruise, no power from the batteries is necessary. This way, the
advantages of both energy systems can be combined, that is, the high gravimetric energy
density of hydrogen without the need for a powerful and heavy FCS, while the batteries
can be significantly downsized in comparison to the battery-only configuration, as they
only have to store energy for the high-power phases where they act as boosters.
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Figure 13. Tilt-duct hybridization study.

In summary, hybrid electric powertrains with FCS and battery were the lightest option
for both vehicles when the FCS was sized to be slightly over cruise power. A gearbox was
only beneficial for the slower rotating tilt-prop vehicle, and an advanced battery model
proved valuable to capture battery discharge restriction effects. The powertrain with its
significant share in overall aircraft mass has a strong influence on overall vehicle size.
A detailed analysis of the powertrain therefore enables a detailed aircraft design, which is
then used as a strong basis for the noise analysis of such vehicles.

5. Electric Motor
5.1. Method

Starting from the initial sizing calculations presented in Section 4, more detailed
models of the electric motors are built to analyze their acoustic behavior. The powertrain
sizing tool gives the required electric power as well as the required torque. In addition,
the design of the propellers (see Section 6) and that of the ducted fans (Section 7) provides
the necessary rotational speed for the propulsors of the tilt-rotor vehicle and those of the
tilt-duct vehicle, respectively, to deliver the desired thrust in the hover phase and the
cruise phase of the flight mission. Based on this data, approximate designs of the electric
motors for acoustic analysis are developed using an open-source design tool for electric
machines [68]. The methodology of the motor design and the subsequent electromagnetic
and acoustic analyses are outlined in Figure 14.

In general, different topologies of electric machines can potentially provide the desired
operational parameters. As radial-flux permanent magnet synchronous machines (PMSMs)
are known for their high power density, high efficiency and robustness [69], it was decided
to use this topology for the current study. In addition to the required operational parameters
such as the rotational speed, some topological and dimensional constraints are required in
order to obtain motor designs that are feasible for use in the two vehicle types. This could
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be a limitation of the motor size or its mass. It has to be noted, though, that the chosen
motor design method provides designs based on standard state-of-the-art technologies.
As the sizing of the full electric powertrain described above and detailed in [63,64] is
at least partially based on technology projections, the motors obtained with the current
methodology will most likely not have the required power density. However, for the
intended purpose of numerical simulations of the noise radiated by the electric machines,
the chosen approach can still provide important insights.
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Figure 14. Selected method for the design of electric motors and the calculation of their sound power
(motor design according to [68]).

As illustrated in Figure 14, in the next step, the electromagnetic field in the air gap
and the resulting radial forces acting on the stator are calculated, which is done using
commercial Finite Element Method (FEM) software. In addition to the forces acting on
the stator, the noise radiation depends on the eigenfrequencies of the stator, which can
be derived analytically or numerically. These calculations yield the so-called equivalent
radiated power (ERP). The noise that is effectively propagated into the acoustic far field fur-
ther depends on the radiation efficiency of the stator, commonly estimated for a simplified
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geometry such as a hollow cylinder. It has to be noted that these numerical and analytical
calculations are based on simplifying assumptions, such as the neglect of saturation effects,
of mechanical coupling effects and others. In addition, the exact mounting of the electric
machine in the nacelle as well as additional components connected to the shaft, such as a
gearbox, will notably affect the noise radiation.

5.2. Results

For both vehicles, the method for the design of the electric motor outlined above yields
a large number of possible electric machines that meet the basic requirements regarding
rotational speed and torque. However, some further constraints are necessary in order to
obtain feasible results that could potentially meet the additional requirements necessary
for their use in eVTOL vehicles. One set of such additional requirements relates to the
dimensions of the motor, mainly the outer diameter and the lamination length of the
stator, as the available installation space is limited and the weight of the propulsors can be
assumed to also scale with the motor size. Another requirement is the current density in the
windings of the stator. Although it is known that high current densities potentially enable
high power-to-weight ratios, they may also necessitate a liquid cooling system. In the
context of UAM vehicles with a large number of propulsors, it may be one design goal to
minimize the need for such cooling systems. Other constraints are the number of stator
slots, which should not be too large in order to prevent very intricate geometries and to
ensure a high winding factor; the number of windings per stator slot; and the upper limits
for the electrical frequency and for the saturation levels in the stator and rotor geometry.

As the hover phase of the flight determines the maximum requirements regarding
power and torque, these values were used as input for the design of the electric machine.
As seen in Table 2, the required continuous power of one such motor for the tilt-duct
vehicle is approximately 49 kW. One example design of such an electric machine is shown
in Figure 15. This particular motor has a rated power of 49 kW, a rated speed of 8540 rpm
and a rated torque of 54 Nm.

stator

windings

permanent
magnet

air gap

rotor

50 mm

Figure 15. Design of an example PMSM that could be used to power the tilt-rotor vehicle.

However, due to limitations of the motor design tool, it is possible to obtain machine
designs that do not result in the desired torque when analyzed with FEM software. For the
selected motor design shown in Figure 15, a current density of 16 A/mm2 is necessary in
order to achieve the desired power settings. It remains to be investigated if passive air
cooling is still possible or if liquid cooling is required. The permanent magnet on the rotor
has two pole pairs, and the stator has 36 slots with eight strands of five windings per slot.
With an outer diameter of about 0.21 m and a length of 0.1 m, this is one of the smaller
electric machines and hence more suitable for use in the designed tilt-duct vehicle.
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Figure 16 shows the radial component of the force density of the example electric machine
shown in Figure 15 at the selected operating point corresponding to the hover phase of the
flight (rated torque of 54.79 Nm, rated power 49 kW at a rotational speed of 8540 rpm) as
a function of the mechanical angle (note that for reasons of symmetry, only one half of the
angular range is shown). It is clear that two large radial force fluctuations appear within the
shown range of angles, corresponding to the two poles passing the stator surface. These arise
from the fundamental magnetic forces generated by the alternating polarity of the rotor poles.
Superimposed on these are approximately eighteen smaller ripples caused by slot harmonics
from the 36 stator slots. These ripples are caused by the slot openings creating local distortions
in the magnetic flux density, leading to higher-frequency radial force fluctuations.
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Figure 16. Radial force component at the stator teeth as a function of mechanical angle for one time
step at a rated power of 49 kW and a rotational speed of 8540 rpm.

The forces acting in the air gap lead to structural vibrations of the stator. In combination
with the eigenmodes and eigenfrequencies of the structure, which were obtained from
a computational modal analysis (not shown here for brevity) according to the schematic
shown in Figure 14, the equivalent radiated power of the electric motor can be calculated.
Figure 17 shows this ERP for the selected operating point as a function of frequency.
The frequency is given in multiples of the electrical frequency of approximately 285 Hz.
It can be seen that the ERP has maxima around 5 kHz with peak levels of approximately
70 dB, as well as corresponding harmonics around 10 kHz and 15 kHz. Although overall
the level appears quite low, it is possible that such high-frequency components could affect
the total noise from the vehicle and, especially, psychoacoustic metrics such as tonality
and sharpness.
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Figure 17. Equivalent radiated power (ERP) level of the example electric machine shown in Figure 14
at a rated power of 49 kW and a rotational speed of 8540 rpm.
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It has to be noted that the ERP is a measure of the structure-borne sound power,
and the part of the ERP that is radiated into the acoustic far field further depends on
the radiation efficiency as well as on secondary effects such as possible shielding by the
nacelle. In addition, the mounting of the motor and other connected components will affect
the vibrational behavior and hence the eigenfrequencies. However, the ERP presented in
Figure 17 is still a valuable indicator of frequency ranges where tonal noise from the electric
machine may add to the total noise of the propulsion system.

6. Tip Rotor
6.1. Method

Based on the thrust requirements during the mission of the vehicle, a set of propellers
for the tilt-rotor vehicle are designed. For this purpose, an inverse propeller design method
is used. This method is based on classical blade-element-momentum theory (BEMT) [70–76]
and delivers the blade geometry, which is automatically translated into a computer-aided
design (CAD) geometry. For exploring the design space, several parameter variations
with respect to diameter, rotational speed and blade twist are performed. The final design
is a compromise between the cruise case, where a highly twisted blade shape is desired,
and the hover case, where a very low twist is required (see Table 5 for the final operating
conditions). The result depends on the ratio of the mission energy used during hover to the
energy used for the cruise segment. The main design point was therefore biased towards
the hover case. Additional constraints like tip Mach number and trailing edge thickness
were taken into account.

Table 5. Tilt-rotor operating conditions.

Cruise Hover Units

D 1.85 1.85 m
CP 0.308 0.120 -
CT 0.122 0.210 -
β0.75 42.3 17.5 ◦

n 840 1828 1/min
η 85.2 − %
T/P − 29.8 N/kW
Mtip 0.300 0.521 -

It is not possible to cover the operating regime with a fixed pitch propeller having
reasonable efficiency. Therefore, the design uses two blade angle settings, β0.75 = 42◦ and
17.5◦, for cruise and hover, respectively. In order to keep noise levels due to compressibility
low, the design is performed for Mtip = 0.30 in cruise and Mtip = 0.52 in hover. A blade
count of five is chosen to obtain reasonable chord lengths and low vibration levels in
the transition phase. The geometry of the preliminary propeller design (see Figure 18) is
used to generate a CAD model for subsequent analysis by Computational Fluid Dynamics
(CFD) and a refinement of the blade angle settings for the full scale as well as for the
model propeller.

For the planned wind tunnel measurements in the next phase of the project, a scaled
model of the propeller is necessary. As is generally the case in the testing of scaled models,
complete aerodynamic similarity is difficult to attain, and here, the goal is to match the
advance ratio and to maintain the same tip Mach number and radial loading. Due to the
scaling laws, the Reynolds number cannot be matched, though. It is reduced by the scale
factor. While the airfoil sections in the full-scale propeller operate at up to Re = 5 × 105,
the Reynolds numbers on the 21.6 % scale model propeller drop to below Re = 1 × 105.
In the experiments, measures will be taken to ensure that the flow remains attached, which
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can be done by the use of flow visualization techniques as well as by the application of
tripping tape to ensure the boundary layer transition.

Figure 18. Tilt-rotor with blade angle set for hover.

An experimental evaluation of the scaled tilt-rotor aerodynamic performance and
acoustic emissions will be performed in the Acoustic Wind tunnel Braunschweig (AWB) [77].
The AWB has a nozzle area of 0.8 × 1.2 m2 and thus allows testing of rotors with diameters
up to approximately 0.4 m, corresponding to a scaling factor, i.e., full-scale to model-scale
diameter ratio, of 0.216, as mentioned above. For manufacturability reasons, the thickness of
the blade’s trailing edge is a constraint set to the rotor design. The model scale blade design
needs to have a small trailing-edge-to-boundary-layer thickness ratio to mitigate bluntness
noise generation due to the ejection of a von Kármán vortex sheet as the flow passes the
blade’s trailing edge. The model rotor design will have a freely adjustable blade pitch angle
to allow for a variable and precise adjustment of the hover and cruise configuration-specific
blade settings. It is planned to capture the acoustic emissions directivity of the tilt-rotor
setup using a large array of free-field microphones.

6.2. Results

The propeller, as designed using the BEMT-based approach, is subsequently verified
in RANS studies utilizing the DLR TAU-Code [61,62], which has been widely applied and
validated for the design and analysis of various propeller and open rotor configurations
(see, for example, [78,79]). These steady-state simulations in the rotating reference frame
of the propeller, a sample result of which is shown in Figure 19, are done with fully
turbulent flow prescribed using the one-equation Spalart–Allmaras (SA) turbulence model.
The results confirm the quality of the propeller design, showing, for example, that for the
cruise condition the target thrust can be obtained at an efficiency of 83.1%, a value very
close to the BEMT model prediction specified in Table 5. The slight offset is fully expected
and caused by 3D effects that are included in the RANS simulations but not captured in
their entirety in the BEMT approach.

As the aim of the project is to measure the noise signature of the propeller as a tip-
mounted propulsor in a wind tunnel for further exploitation in the auralization of typical
UAM noise emissions, the RANS studies also focused on analyzing and understanding
scale/Reynolds number effects on the propeller performance and noise signature.
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Figure 19. RANS simulation result of the isolated tilt-rotor propeller at cruise conditions

For both the cruise and hover operating points, a 1:5-scaled version of the propeller
is simulated at typical sea-level conditions using the same TAU-Code RANS approach
applied in the full-scale propeller analysis while keeping the Mach number and advance
ratio the same. For the example of the cruise condition, the scale effects manifest in the
blade suction side flow topology in terms of a slightly more pronounced flow separation at
the blade hub for the sub-scale propeller, as can be seen in Figure 20.

(a) Full-scale blade suction side.

(b) Model-scale blade suction side.

Figure 20. Scale effects on blade aerodynamics at identical blade pitch and operating point.

The viscous decambering effects of the reduced Reynolds number, which occur for
the model-scale versus the full-scale geometry, have a clear impact on the mean propeller
performance metrics, as plotted in Figure 21. In order to achieve the target thrust coefficient
value, the sub-scale propeller must operate at an increased blade pitch. For the example
of the cruise operating point shown here, only a relatively small pitch increase of 0.5◦

is required.
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Figure 21. Reynolds number effects on the cruise performance of the propeller.

Figure 22 presents a comparison of the blade radial thrust distribution. The reference
full-scale result at the blade pitch angle for which the target thrust coefficient is achieved is
compared to model-scale blade results at the two blade pitches of β75 = 40.5◦ and β75 = 41◦.
The latter two results show that the increased extent of the hub trailing edge flow separation
at model scale, as noted above, leads to a thrust loss for inboard regions of the model-scale
propeller. This must be compensated for through an increased thrust production near
the tip by operating at a slightly larger blade pitch angle of around β75 = 41◦ for the
sub-scale propeller versus β75 = 40.5◦ for the full-scale propeller to achieve the target
thrust coefficient.

Figure 22. Reynolds number effects on the radial thrust distribution of the blade at cruise conditions.
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A comparison of the total radial loading distribution, not shown here, is very similar
to the thrust-component-only distribution in Figure 22, and is one of the key characteristics
defining propeller noise emissions. With the slight outboard shift of the peak loading for
the model-scale versus the full-scale propeller at an identical thrust coefficient, achieving
acoustic similarity between the two may necessitate operating the sub-scale propeller at a
slightly lower blade pitch and thrust coefficient.

Further RANS studies will be performed in this project as needed to guide and support
both the design of the wind tunnel models and their operation in the acoustic tests to help
ensure that the quality of the obtained measurements meets the project requirements.

7. Ducted Fan
7.1. Method

The acoustic spectrum of a fan is generated by several tonal and broadband noise
sources. For low-speed fan stages, rotor–stator interaction noise, particularly its tonal com-
ponent, typically represents the primary source of noise. Commonly, the noise generation
spectrum is predominantly affected by the tone at the blade passing frequency (BPF) and
its harmonics.

For the propulsion system of the tilt-duct vehicle, two fan stages with fewer stator than
rotor blades (low-count OGV (outer guide vane) fans) are designed, whereby two acoustic
effects are applied to reduce the tonal noise levels at source. It is particularly relevant to
demonstrate tonal noise reduction mechanisms on low-count OGV fans, as a disadvantage
regarding tonal noise for these fans exists. The reason is that the usually dominant blade
passing frequency tone is generally no longer cut off, since fewer stator than rotor blades are
used. However, at low rotor tip Mach numbers certain rotor blade count combinations exist,
for which a cut-off can still be achieved even though the stator vane count is lower than the
rotor blade count. This effect is called inverse cut-off [80,81] and can exclusively be applied
to low-speed fans since the rotor tip Mach number needs to be lower than the critical Mach
number, as derived in [82]. Since this condition is achieved for the targeted low-count OGV
fans, the inverse cut-off effect is the first applied tonal noise reduction mechanism.

For the second low-count OGV fan stage, however, the blade and vane numbers are
chosen such that the inverse cut-off condition is not reached. Therefore, in order to reduce
the noise excitation at the BPF tone, an additional effect is applied. This effect relies on
a carefully chosen rotor–stator blade count to mitigate tonal noise excitation, even when
the BPF is cut-on. The underlying physical mechanism of this effect is associated with the
propagation direction of the excited acoustic waves relative to the dipole radiation axis.
When acoustic energy propagates perpendicularly to the dipole radiation axis, the excitation
of acoustic energy is reduced [83]. Since the propagation direction is controlled by the
excited acoustic interaction modes, which in turn depend on the blade count (see [84]),
this effect can be achieved through a well-devised selection of the rotor–stator blade
counts. Duncan and Dawson [83] named this mechanism the “Venetian blind” effect, and
Schade et al. [85] demonstrated that the effect can be applied to a low-count OGV fan on
the condition that the subsequent design rule is fulfilled. The design rule expresses the
expected tonal noise reduction in dB as a function of ∆,

20 log10(sin(|∆|))dB, (2)

where ∆ is the difference between the stator leading edge angle and the propagation direc-
tion of the dominant acoustic interaction mode [85]. As Equation (2) indicates, the tonal
excitation of the rotor–stator interaction noise source can be significantly reduced if the
propagation direction of the dominantly excited mode is aligned with the stator leading
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edge angle (sin(|∆|) → 0). This is analytically and numerically investigated and experi-
mentally confirmed in [85].

In the presented fan pre-design process, the stator leading edge angle is fixed, as it
is defined by the aerodynamic flow conditions within the duct segments of the fan stage.
Therefore, the propagation direction of the dominant mode is the degree of freedom with
which the acoustic effect can be controlled. As described above, since this propagation
direction is defined by the mode order and the mode order in turn depends on the rotor and
stator blade numbers, the noise reduction is achieved with a smart selection of rotor and
stator blade numbers. To evaluate which blade count combinations are suitable, blade count
variations are performed using the analytical in-house noise prediction tool PropNoise
(Propulsion Noise) [43]. The results of these blade count variations are presented in [85].

The two low-count OGV fan stages are designed and manufactured for experimental
testing in the CRAFT (Co-/Contra Rotating Acoustic Fan Test) facility [86]. In this facility,
ducted fan stages with representative conditions (e.g., rotor tip Mach number and fan
pressure ratio) for UAM engines can be examined.

The tilt-duct vehicle, described in Section 3, performs the take-off and landing flight
phases vertically. Therefore, the fan stages are operated within a wide range of operating
conditions as the aerodynamic flow might strongly deviate between vertical and horizontal
flight. In order to handle these different operating regimes, a conceptual design of a variable-
area nozzle (VAN) is performed according to the method described in [87]. Table 6 shows
the fan operating conditions at cruise and take-off with and without VAN for the baseline
fan geometry, and additional details regarding VAN design can be obtained from [46].

Table 6. Fan operating conditions.

Cruise Take-Off Take-Off VAN

nozzle area +0 % +0 % +30 %
n/rpm 3375 8540 7995
ṁ/(kg/s) 5.25 10.7 12.3
Mtip 0.26 0.64 0.61
PR 1.021 1.177 1.133
ηis/% 90.0 88.0 91.5
thrust/kN 2.1 30 30

7.2. Results

The tilt-duct vehicle is equipped with 26 low-speed fan stages, of which 10 fans are
located on the canard wing and 16 on the main wing. Each fan has a diameter of 0.46 m
and three fan designs are available, a baseline fan (see Figure 23a), a low-tonal-noise fan
(Figure 23c) and a low-broadband-noise fan (Figure 23b), of which the latter two are the
designed low-count OGV fan stages, as outlined in Section 7.1. The selected blade count
combinations of all three fan designs are listed in Table 7.

(a) baseline (b) low-broadband (c) low-tone

Figure 23. Geometry of the different fan designs.
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Table 7. Fan rotor and stator blade numbers.

Baseline Low-Tone Low-Broadband

rotor 18 31 31
stator 21 21 10

Figure 24 compares the tonal noise directivities between the three fan designs at design
operating conditions (n = 4500 rpm, ṁ = 7.0 kg/s, Mtip = 0.31). The sound pressure levels
(Lp) are plotted on a hemisphere with a radius of 100 m. The energetic sum of the noise
contributions at the dominant tonal frequencies is shown. At design operating conditions,
the first BPF is 1350 Hz for the baseline fan. For the low-broadband and low-tone fans,
the first BPF increases to 2325 Hz due to the higher rotor blade count (see Table 7). Note
that the tone at the first BPF (2325 Hz) is inverse cut-off for the low-tone fan, as outlined in
Section 7.1. The fan stage is located at x, y, z = 0 m. The axial angle is ϕ, where ϕ = 180
indicates the upstream direction and ϕ = 0 the downstream direction, and the lateral angle
is θ.

For the baseline fan stage (see Figure 24a), tonal noise is the dominant source for all
radiation angles. The dominant tonal noise radiation direction and also the dominant
overall noise radiation direction are downstream at ϕ = 50.

For the low-broadband-noise fan stage (see Figure 24b), an opposite tonal characteristic
is observed compared to the baseline fan. The dominant tonal noise radiation direction
is upstream, with the maximum radiation angles at ϕ = 135 and ϕ = 165. For the aural
experience, this means that the baseline fan radiates tonal noise throughout the entire
flyover. The highest tonal sound pressure levels occur when the vehicle has already passed
the observer. By contrast, in the case of the low-broadband fan, the fan tones can be detected
before the vehicle has passed but are masked by broadband noise after the vehicle has
passed. The reason for the downstream tonal noise reduction is that the blade numbers
are chosen such that the propagation angle of the dominantly excited tonal mode is almost
parallel to the stator leading edge angle, as outlined in Section 7.1 and in [85].

Regarding the low-tonal-noise fan design (see Figure 24c), two acoustic effects are
applied in order to achieve a significant tonal noise reduction: Firstly, similar to the low-
broadband-noise fan stage, the blade numbers are chosen such that the propagation angle
of the dominantly excited tonal mode is almost parallel to the stator leading edge angle.
However, the tonal noise reduction achieved is now directed upstream. This means that
for the low-tonal-noise fan stage, this effect is used to reduce the upstream radiation
of tonal noise, while for the low-broadband-noise fan stage the same effect is used to
reduce tonal noise downstream. Therefore, the effect of aligning the propagation of the
dominant mode with the stator leading edge can be used to control the tonal noise radiation
characteristic [85].

Secondly, as the rotor tip Mach number is low enough, the blade numbers are chosen
such that the first BPF tone is inverse cut-off [82,85], resulting in an additional tonal noise
reduction. Due to these acoustic effects, the tonal sound pressure levels are similar to or
even lower than the broadband levels over all radiation angles. For the aural experience,
this means that tonal noise is almost fully masked by broadband noise, resulting in a rather
hissing-sounding aural impression.

The noise directivities in Figure 24 are shown for a single fan. For the tilt-duct vehicle,
26 of these fans are combined to form the distributed propulsion system. Due to the large
number of fan stages, it can be expected that the noise directivities of the distributed fan
system will differ from that of the individual fan. For example, interferences are expected
that result from interactions between the 26 sound fields, so that the noise directivities of
the overall system may contain complex interference patterns. For the aural experience,
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this means that the noise signature may vary considerably depending on the observer’s
position and that spectral as well as temporal fluctuations may exist. The impact of the
three fan designs on the psychoacoustic characteristics of the distributed propulsion system
of the tilt-duct vehicle is investigated in [46].

(a) baseline

(b) low-broadband

                                           (c) low-tone

Figure 24. Tonal noise directivities plotted on a hemisphere of radius 100 m for the different fan designs.

Table 8 compares the aerodynamic performance of the three fan designs in terms of
their efficiency ηis and their pressure ratio (PR) at design as well as cruise operating condi-
tions and verifies that the different fan stages provide similar aerodynamic characteristics.
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Table 8. Aerodynamic performance of the three fan stages.

Baseline Low-Tone Low-Broadband

Design ηis 90.4 90.2 90.0
PR 1.0382 1.0396 1.0382

Cruise ηis 90.0 89.8 90.0
PR 1.0210 1.0218 1.0217

As an intermediate conclusion, the fan stages are aerodynamically similar but show
very different noise radiation characteristics. Thus, the fan stages are well-suited for
acoustic as well as psychoacoustic assessments regarding the impact of the fan design on
the noise radiation of a distributed propulsion system. Results from psychoacoustic studies
focusing on the effect of rotational speed fluctuations are given in [47].

8. Summary and Outlook
The noise generated by the variety of existing concepts for novel eVTOL vehicles as

well as its subsequent psychoacoustic effect on humans will be a major factor influencing
public acceptance and corresponding economical success. As such, vehicles currently are,
for the most part, still in development. The aim of the present study is to provide a basis
for the future analysis and evaluation of different vehicle designs in noise tests with human
subjects. Therefore, the main focus is on distributed electric propulsion systems using
either open rotors or ducted fans that are driven by electric motors, and the subsequent
interaction of sound originating from these different sources.

In order to enable such analyses, two different UAM vehicle designs were developed
as part of an ongoing research study. Both have identical missions, loads and estimated
entry into service but different electric propulsion systems. One vehicle is powered by a set
of tiltable open rotors and one by tiltable ducted fans. For both concepts, three different
powertrain topologies were configured: (1) a fully battery-electric propulsion system, (2) a
fully fuel-cell powered propulsion system and (3) a hybrid system with varying degrees of
hybridization. For the tilt-rotor vehicle, a propeller was designed that is able to deliver the
required thrust in all phases of the mission. The aerodynamic performance of this propeller
was evaluated in detailed RANS simulations, while its corresponding noise generation will
be analyzed in wind tunnel experiments in the next phase of the project. For the planned
acoustic measurements on ducted fan stages that represent the tilt-duct propulsion system,
two low-count OGV fans were designed, one that is characterized by a notable reduction
in tonal noise compared to the baseline fan and another that leads to reduced broadband
noise levels. It should again be emphasized here that the current report aims to give an
overview of the necessary considerations and methods involved in the design of the two
concept vehicles and their propulsion systems, with the aim of providing a basis for future
acoustic studies. More details on each of the design steps are provided in the additional
literature mentioned in the corresponding sections.

As a prerequisite for the planned vehicle flyover auralizations, a set of detailed experi-
ments will be performed on the different propulsion systems in the next step of the project.
This includes acoustic measurements on a model-scale tip propeller configuration in an
aeroacoustic wind tunnel, acoustic measurements on the two low-count OGV fan stages in
a dedicated fan test rig and measurements on an electric motor as a representation of the
electric powertrain.
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Symbols and Abbreviations
The following symbols and abbreviations are used in this manuscript:

Lp sound pressure level, dB
Hp degree of hybridization
D diameter, m
CP power coefficient
CT thrust coefficient
CF force coefficient
β75 blade pitch angle, deg
n rotational speed, rpm
η efficiency
T thrust, N
P power, W
r, R radial position, propeller radius, m
Mis isentropic Mach number
Mtip rotor tip Mach number
ṁ mass flow, kg/s
ϕ axial directivity angle, deg
θ lateral directivity angle, deg
∆ difference between stator leading edge and modal propagation angle
ANOPP Aircraft Noise Prediction Program
AWB Acoustic Wind tunnel Braunschweig
BEMT blade-element-momentum theory
BPF blade passing frequency
CAD computer-aided design
CFD Computational Fluid Dynamics
CORAL aircraft engine noise auralization
CRAFT Co-/Contra Rotating Acoustic Fan Test rig
DC direct current
DEP distributed electric propulsion
DLR German Aerospace Center
EDT rlectric drivetrain
EIS rntry into service
EPNL rffective perceived noise level
ERP rquivalent radiated power
eVTOL electric Vertical Take-Off and Landing
FCS fuel cell system
FEM Finite Element Method
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FS full scale
INSTANT Integrated Noise Simulation and Assessment module
MS model scale
MTOM Maximum Take-Off Mass
NASA National Aeronautics and Space Administration
OGV outer guide vane
PANAM Parametric Aircraft Noise Analysis Module
PMSM Permanent Magnet Synchronous Machine
PR pressure ratio
PropNoise PropulsionNoise
RANS Reynolds-Averaged Navier Stokes
SA Spalart–Allmaras
TLARs Top-Level Aircraft Requirements
TMS thermal management system
UAM urban air mobility
VAN variable-area nozzle
VIOLIN virtual acoustic flyover simulation
VTOL Vertical Take-Off and Landing
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