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Stephen SCHADE 
DLR, Institut für Antriebstechnik, Berlin 
 
Auslegung geräuscharmer Fan-Triebwerke für die urbane Luftmobilität und Analyse der 
Geräuschqualität anhand virtueller Überflüge 
Technische Universität Berlin (Dissertation) 
 
Um eine neue Form des urbanen Luftverkehrs zu ermöglichen, werden neue Flugzeugkonzepte 
mit verteilten Antriebssystemen erforscht, die mit einer größeren Anzahl von Triebwerken 
ausgestattet sind, beispielsweise mit verteilten, ummantelten Fans. Aufgrund von akustischen 
und psychoakustischen Effekten werden sich die Geräusche solcher Antriebssysteme von denen 
bestehender Antriebe unterscheiden, wodurch die Lärmwahrnehmung zu einem ent-
scheidenden Faktor für die gesellschaftliche Akzeptanz wird. 
In dieser Arbeit werden tonale Schallminderungseffekte für langsam drehende, ummantelte 
Fanstufen mit weniger Stator- als Rotorschaufeln untersucht. Es wird analysiert, wie solche 
Fanstufen für die urbane Luftmobilität ausgelegt werden können, sodass sie nicht nur leiser sind 
als konventionelle Designs, sondern auch als weniger unangenehm empfunden werden. Dazu 
wird das Schaufelzahlverhältnis variiert, wodurch drei akustisch vorteilhafte Designräume 
identifiziert werden. Zwei tonale Schallminderungseffekte werden analytisch, numerisch und 
experimentell analysiert, und darauf aufbauend zwei Entwurfsregeln abgeleitet. 
Die tonalen Schallminderungseffekte werden an zwei Fanstufen mit reduzierter Stator-
schaufelzahl demonstriert. Diese werden anschließend virtuell in ein verteiltes Antriebssystem 
eines Flugtaxis integriert. Trotz vergleichbarer aerodynamischer Leistung zeigen sie deutliche 
Unterschiede in der Schallabstrahlung. Die Geräuschqualität wird über virtuelle Überflug-
simulationen bewertet. Die Ergebnisse zeigen eine Reduktion des EPNL um mehr als 6 dB sowie 
eine deutliche Verringerung von Lautstärke, Tonalität und Rauheit gegenüber einem Referenz-
design. 
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Stephen SCHADE 
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Design of Low-Noise Fan Engines for Urban Air Mobility and Sound Quality Analysis Using 
Virtual Flyovers 
Technical University Berlin (dissertation) 
 
To enable a new form of urban air mobility, novel aircraft concepts and distributed propulsion 
systems are investigated. These propulsion systems consist of a higher number of engines, such 
as distributed, ducted fans. Due to acoustic and psychoacoustic effects, the noise signatures of 
such propulsion systems will differ from those of conventional ones, making noise perception a 
critical factor for public acceptance. 
This study investigates tonal noise reduction effects for low-speed, ducted fan stages with fewer 
stator than rotor blades. The objective is to evaluate how such fan stages can be designed to 
achieve not only lower noise levels but also an improved perceived sound quality. By varying the 
blade count ratio, three acoustically beneficial design spaces are identified. Two tonal noise 
reduction mechanisms are analyzed using analytical, numerical, and experimental methods, 
leading to the derivation of two design rules. 
The identified tonal noise reduction effects are demonstrated on two fan stages with reduced 
stator vane count. These fan designs are virtually integrated into a distributed propulsion system. 
Despite similar aerodynamic performance, the designs show significant differences in noise 
radiation. The sound quality is assessed using virtual flyover simulations. The results show a 
reduction in Effective Perceived Noise Level (EPNL) of more than 6 dB, along with a noticeable 
decrease in loudness, tonality, and roughness compared to a reference design.  
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Abstract

New aircraft concepts and propulsion systems are developed to power aircraft for

urban and regional air transportation. Distributed propulsion systems are designed

consisting of a larger number of engines, e.g. ducted fans. The main challenges

in operating such aircraft are safety, system complexity and noise. Due to new

acoustic and psychoacoustic e�ects the temporal and spectral noise content and the

noise signatures of these aircraft will di�er from those of existing aircraft. Should

they once become reality, the noise perception of such vehicles is a decisive factor

for public acceptance, especially if these aircraft are operated at low-altitudes in

densely populated areas. Urban air mobility thus creates a new type of noise

pollution that a�ects the noise characteristics of urban environments. Since the

propulsion system dominantly contributes the the overall aircraft noise emission,

one of the key objectives is to assess noise reduction mechanisms for future engines.

This work investigates tonal noise reduction measures for low-speed, ducted

fans with fewer stator than rotor blades and evaluates the impact of these noise

reduction e�ects on the sound quality characteristics of a distributed propulsion

system for an urban air mobility vehicle. The tonal rotor�stator interaction noise is

typically the dominant noise source for low-speed fans. Regarding the listening im-

pression, a sensitivity of human hearing to tonality exists. Therefore, the research

question addressed in this work is, how low-speed fan stages with fewer stator

than rotor blades can be designed for urban air mobility applications, which are

not only quieter than conventional designs but also perceived as less unpleasant.

Rotor�stator blade count variations are performed, since the blade-to-vane ratio

signi�cantly impacts the tonal noise excitation. As a result of the blade count vari-

ations, three acoustically bene�cial blade count areas are identi�ed for a low-noise

fan design with reduced stator vane count. Two tonal noise reduction mechanisms

are analytically and numerically veri�ed and experimentally con�rmed which en-



sure that blade count combinations located within the identi�ed design spaces have

lower tonal noise levels. In order to apply the e�ects to fan stages with reduced

stator vane count, two design rules are derived and validated.

Using the design rules, the tonal noise reduction e�ects are demonstrated on

two fan stages with fewer stator vanes than rotor blades, which are developed

for an urban air mobility application. The 3D blade and vane geometries are

obtained from a multidisciplinary optimization process targeting similar aerody-

namic e�ciency and pressure ratio for all fan designs. An essential characteristic

of these fans are substantial di�erences in the acoustic noise signatures, such as

the tonal-to-broadband noise ratio and the dominant tonal noise radiation direc-

tion, while the aerodynamic performance in terms of e�ciency, pressure ratio and

thrust remains similar.

Both fan stages with reduced stator vane count as well as a baseline fan design

are each integrated into a distributed propulsion system of an urban air mobility

vehicle. The distributed propulsion system consists of26 low-speed fans installed

over the wings. The impact of fan design on the noise signature of the distributed

propulsion system is assessed using an analytical process to (1) determine the

noise emission, (2) propagate the sound through the atmosphere and (3) provide

a binaural noise synthesis. The generated audio �les are used to estimate the

perception of human hearing based on the sound quality metrics loudness, tonality,

roughness, sharpness and �uctuation strength.

The results show that the distributed propulsion system generates noise dir-

ectivities with complex interference patterns due to the large amount of engines.

The sound quality analysis indicates that noise signatures with a high level of

sharpness are generated, which is about two times higher than for turbofan en-

gines. Moreover, the two fan designs with reduced stator vane count lead to a re-

duction in e�ective perceived noise level of more than6dB compared to a baseline

design. In addition, these two fan designs show a reduction in loudness, tonality

and roughness well above one just noticeable di�erence compared to the baseline

design as a result of the applied noise reduction mechanisms. These sound quality

improvements lead to a40% reduction in the psychoacoustic annoyance metric

compared to the baseline design. This work indicates that aerodynamically equi-

valent fan designs may produce very di�erent noise signatures, demonstrating that

there is a wide latitude in the acoustic design of urban air mobility fan stages.



Zusammenfassung

Um eine neue Form des urbanen und regionalen Luftverkehrs zu ermöglichen,

werden neue Flugzeugkonzepte entwickelt. Für diese Flugzeuge werden verteilte

Antriebssysteme erforscht, die mit einer gröÿeren Anzahl von Triebwerken ausge-

stattet sind, beispielsweise mit verteilten, ummantelten Fans. Herausforderungen

im Betrieb dieser Flugzeuge sind die Sicherheit, die Systemkomplexität und der

Lärm. Aufgrund von akustischen und psychoakustischen E�ekten, die sich so-

wohl auf den zeitlichen als auch auf den spektralen Geräuschinhalt auswirken,

unterscheiden sich die Geräusche neuer Flugzeugkonzepte von denen bestehender

Flugzeuge. Beim Einsatz dieser Flugzeuge in geringen Höhen und dicht besiedel-

ten Gebieten, wird die Lärmwahrnehmung zu einem entscheidenden Faktor für

die gesellschaftliche Akzeptanz. Das Antriebssystem trägt zu einem wesentlichen

Anteil zur gesamten Geräuschemission von Flugzeugen bei. Daher müssen Schall-

minderungse�ekte für zukünftige Antriebe untersucht werden.

In dieser Arbeit werden Schallminderungse�ekte für langsam drehende, um-

mantelte Fanstufen mit weniger Stator- als Rotorschaufeln untersucht und die Aus-

wirkungen dieser E�ekte auf die Geräuschqualität eines verteilten Antriebssystems

eines Flugtaxis bewertet. Der tonale Rotor-Stator-Interaktionsschall ist typischer-

weise die dominante Schallquelle für langsam drehende Fanstufen. Hinsichtlich des

Höreindrucks besteht eine Emp�ndlichkeit des menschlichen Gehörs gegenüber

Tonalität. Die Forschungsfrage dieser Arbeit lautet daher: Wie können lang-

sam drehende Fanstufen mit weniger Stator- als Rotorschaufeln für die urbane

Luftmobilität ausgelegt werden, sodass diese nicht nur leiser sind als konvention-

elle Designs, sondern auch als weniger unangenehm empfunden werden?

Da das Schaufelzahlverhältnis einen wesentlichen Ein�uss auf die tonale Schall-

anregung hat, wird die Anzahl der Rotor- und Statorschaufeln variiert. Als Ergeb-

nis der Schaufelzahlvariationen werden drei akustisch vorteilhafte Bereiche für



ein geräuscharmes Fandesign identi�ziert. Darüber hinaus werden zwei E�ekte

zur Reduktion der tonalen Schallanregung analytisch und numerisch veri�ziert

und experimentell bestätigt. Aufgrund dieser E�ekte weisen Schaufelzahlkom-

binationen, die sich innerhalb der identi�zierten Designräume be�nden, geringere

tonale Schallpegel auf. Um die tonale Schallreduktion auf Fanstufen mit re-

duzierter Statorschaufelzahl anzuwenden, werden zwei Entwurfsregeln abgeleitet.

Durch Anwendung der Entwurfsregeln werden zwei Fanstufen mit weniger

Stator- als Rotorschaufeln, für eine Anwendung in der urbanen Luftmobilität, aus-

gelegt. Die 3D Geometrien der Schaufeln sind das Ergebnis eines multi-

disziplinären Optimierungsprozesses, für den der Wirkungsgrad und das Druck-

verhältnis als Zielfunktionen vorgegeben werden. Ein wesentliches Merkmal dieser

Fanstufen ist, dass sich bei ähnlicher aerodynamischer Leistung die Schallab-

strahlung der einzelnen Designs deutlich voneinander unterscheidet, beispielsweise

hinsichtlich des Verhältnisses von tonalem zu breitbandigem Schall und der dom-

inanten tonalen Schallabstrahlungsrichtung.

Beide Fanstufen sowie ein Referenz-Design werden jeweils in ein verteiltes An-

triebssystem eines Flugtaxis integriert. Das Antriebssystem besteht aus26 Fans,

die oberhalb der Trag�ächen verteilt sind. Die Auswirkung des Fandesigns auf die

Geräusche des Antriebssystems wird mit einem analytischen Prozess bewertet, mit

dem (1) die Schallemission und (2) die Ausbreitung des Schalls in der Atmosphäre

berechnet werden sowie (3) eine binaurale Geräuschsynthese durchgeführt wird.

Die Audiosignale werden verwendet, um die Geräusche basierend auf den Met-

riken Lautheit, Tonalität, Rauheit, Schärfe und Fluktuationsstärke zu beurteilen.

Die Ergebnisse zeigen, dass das verteilte Antriebssystem, aufgrund der groÿen

Anzahl von Triebwerken, Richtcharakteristiken mit komplexen Interferenzmustern

erzeugt. Die Analyse der Geräuschqualität verdeutlicht, dass Geräuschsignaturen

mit einer hohen Schärfe erzeugt werden, die etwa doppelt so hoch ist wie bei

Turbofan-Triebwerken. Darüber hinaus weisen die beiden Fandesigns mit re-

duzierter Statorschaufelzahl eine Verringerung des e�ektiv wahrgenommenen Schall-

pegels (EPNL) von mehr als6dB im Vergleich zum Referenzdesign auf. Zusätzlich

erreichen diese beiden Fandesigns eine Verringerung der Lautstärke, Tonalität und

Rauheit im Vergleich zum Referenzdesign, die jeweils deutlich über einem gerade

wahrnehmbaren Unterschied liegt. Diese Verbesserungen der Geräuschqualität

führen zu einer Verringerung der psychoakustischen Belästigungsmetrik um40%



im Vergleich zum Referenzdesign. Diese Arbeit verdeutlicht, dass aerodynamisch

ähnliche Fandesigns sehr unterschiedliche Geräuschsignaturen erzeugen können,

was wiederum bedeutet, dass es einen groÿen Designraum bei der akustischen

Auslegung von Fanstufen für die urbane Luftfahrt gibt.



Graphical abstract

Figure 1 shows the graphical abstract of this cumulative dissertation.

Figure 1: Graphical abstract.
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Structure of this dissertation

This cumulative dissertation is organized as follows. Chapter 1 is the introduc-

tion. Section 1.1 provides an overview of the research area in which this work

is integrated. Section 1.2 reviews relevant work from literature and outlines the

research demand. Section 1.3 summarizes the research motivation and states the

research question and objectives. Section 1.4 provides the contribution of each

publication to answer the research question. Chapter 2 shows the three journal

papers in chronological order. In Chap. 3 the results and limitations are discussed

and in Chap. 4 the main conclusions are summarized. Based on the limitations an

outlook for future studies is formulated in Chap. 5.
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Chapter 1

Introduction

1.1 Research context

This section outlines the research context in which this work is embedded. Sec-

tion 1.1.1 describes the motivation and challenges for urban air mobility. In

Sec. 1.1.2, our current understanding about the acoustic characteristics of dis-

tributed propulsion systems is summarized.

1.1.1 Urban air mobility � vision and challenges

In the future, small aircraft, for instance so-called air taxis, are intended to provide

a new form of local air transportation, which is referred to as Urban Air Mobility

(UAM). The European Union Aviation Safety Agency (EASA) de�nes UAM as

a �new, safe and more sustainable� type of transportation, which is intended to

carry passengers as well as cargo within densely populated regions [25]. According

to a de�nition by the National Aeronautics and Space Administration (NASA),

�UAM is the concept of expanding transportation networks to include short �ights

that transport people and goods around metropolitan areas. UAM is part of

a larger paradigm shift toward AAM [(Advanced Air Mobility)], in which new

technologies and business models are enabling transformational applications of

aviation [...]� [39]. The feasibility, economics and ground infrastructure intended

for a future on-demand air transportation in metropolitan areas are reviewed by the

private company UBER Elevate [27]. If certain challenges, such as noise emissions,

safety and costs, are successfully resolved, UBER draws the vision that UAM may

1



be a widely used form of urban transportation [27]. Based on these de�nitions,

Fig. 1.1 sketches possible UAM use cases.

Figure 1.1: Examples of targeted UAM use cases.

UAM is commonly considered as one step towards the electri�cation of avi-

ation [25]. Therefore, it is expected that new aircraft powered by electrical propul-

sion systems may mainly conduct these air taxi operations [39]. Moreover, vertical

take-o� and landing (VTOL) capabilities represent a major technology for UAM.

Within industry, several electrically powered aircraft are being developed for UAM

applications. Examples include theLilium jet (see Fig. 1.2(a)) and theJoby S2

(see Fig. 1.2(b)) VTOL aircraft. For the Lilium jet, Nathen [63] describe the design

and performance of the aircraft, which is powered by a ducted, vectored thrust sys-

tem consisting of several distributed fans. For the Joby S2, Stollet al. [79] describe

the design of the aircraft, which is powered by electrical, distributed propellers.

(a) Lilium jet [54] (b) Joby Aviation aircraft [5]

Figure 1.2: Industry examples of UAM VTOL aircraft concepts.

Based on the �ndings from Paket al. [65], the three key challenges (1) prof-

itability, (2) system complexity and (3) community acceptance must be resolved

so that UAM can be established. Community acceptance is, according to their

2



assessment, mainly driven by safety and noise. Noise as a key concern is also con-

�rmed by the results of two public surveys conducted by Eiÿfeldt and Stolz [26]

and EASA [24]. The study conducted by EASA indicates a negative correlation

between annoyance and familiarity of a sound [24]. This means that citizens would

rate UAM noise emissions more annoying compared to other noise signatures at

the same level due to the unfamiliarity of the sound. This is particularly im-

portant as Rizzi et al. [71] expect that UAM noise signatures considerably vary

compared to those from existing aircraft and helicopters due to di�erent temporal

and spectral characteristics resulting in a di�erent aural impression. Thus, human

annoyance ratings may vary between UAM and existing aircraft. However, the

subjective annoyance ratings do not only depend on the noise signature, but also

on non-acoustic factors, such as the time of day and the respective situation, in

which the sound is experienced [6]. As a result, assessing noise reduction mechan-

isms for UAM vehicles is a high level objective that needs to be addressed at an

early stage in the design process [71].

As an intermediate summary, UAM is a new form of mobility creating a new

type of noise pollution, which a�ects the noise characteristics of our urban envir-

onments. A major challenge for future aviation is to reduce noise emissions since

noise emissions are an obstacle to public acceptance. However, if noise emissions

of future generations of aircraft are reduced substantially, it can be expected that

a larger number of these aircraft enter the market leading to a larger number of

�ights. This will in turn result in a higher impact on people and environment in

absolute terms. As a result, acoustics is a controversial topic, since quieter aircraft

have a positive impact on human perception and health on the one hand, but can

also increase the overall �eet size, which in turn may rise again the absolute noise

levels in urban environments.

1.1.2 Acoustics of distributed propulsion systems

Distributed propulsion systems are arrays of propulsion units consisting of several

engines, such as ducted fans or open propellers, which are installed above or along

the wing or at the wingtips [44]. These propulsion systems may o�er the potential

for acoustic bene�ts through the propulsor arrangement and lower tip speeds, while

achieving higher operational �exibility and system redundancy due to the larger

amount of engines [44]. Examples of DLR UAM vehicles equipped with distributed

3



propulsion systems are shown in Fig. 1.3.

(a) HorizonUAM multicopter [3] (b) HorizonUAM tilt-rotor vehicle [65]

(c) VIRLWINT tilt-duct vehicle [72] (d) VIRLWINT tilt-rotor vehicle [72]

Figure 1.3: DLR UAM vehicle concepts with distributed propulsion systems ob-
tained from the DLR-funded projects VIRLWINT and HorizonUAM.

Kim et al. [44] review di�erent concepts of distributed propulsion systems and

evaluate aeroacoustic challenges and advantages. For instance, boundary layer in-

gestion may on the on hand increase the propulsive e�ciency of ducted fans [44]

but might also intensify the tonal noise excitation on the other hand [48, 17]. Stud-

ies on the aerodynamic and acoustic interaction between propulsion units indicate

that the arrangement and number of propulsors may signi�cantly in�uence the

noise emission [35, 8, 67]. The sound �elds emitted from the engines may interfere

with each other during noise propagation through the atmosphere. This leads to

destructive or constructive interferences and thus to ampli�cation or cancellation

of the sound waves [35]. For the aural impression, this means that the sound pres-

sure amplitudes may vary considerably within short periods of time. This e�ect

can be further intensi�ed due to potential rotational speed deviations between in-

dividual propulsors. Moreover, the diameter of the propulsors and their rotational

speed in�uence the frequency spectrum of the noise emission. Compared to tur-

bofan engines, the noise emission spectrum may be shifted to higher frequencies

in the case of multiple distributed fans with small diameters. Moreover, the �ight

4










































































