
 
 
 
 
 
 
 
Qiao, Geng (2025) Numerical investigation of novel rotorcraft propulsion 
systems. PhD thesis. 
 
https://theses.gla.ac.uk/85211/  
 

Copyright and moral rights for this work are retained by the author 

A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 

This work cannot be reproduced or quoted extensively from without first 
obtaining permission from the author 

The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 

When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 

 
 
 
 
 
 

Enlighten: Theses 
https://theses.gla.ac.uk/  

research-enlighten@glasgow.ac.uk 

https://theses.gla.ac.uk/85211/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


Numerical Investigation of Novel Rotorcraft
Propulsion Systems

Geng Qiao

Submitted in partial fulfillment of the requirements for the
Degree of Doctor of Philosophy

School of Engineering
University of Glasgow

March 2025



Abstract

In recent years, an upsurge in advanced air mobility (AAM) aircraft can be noticed worldwide,
e.g. , Rolls Royce, Airbus, NASA, DARPA, Advanced Aircraft Company, Bell Helicopter, Au-
rora, Honeywell, and others. Future AAM will operate near the ground in the urban area, and
thus it should be environmentally and community-friendly while maintaining excellent aerody-
namic performance. As is known, a high-intensity of sound is emitted by the VTOL aircraft, but
noise emission is crucial in the VTOL aircraft certification process and urban operation. It is clear
that the propulsors are generating most of the noise from the whole aircraft. Therefore, there is
a growing demand for low-noise emission propulsors, reduced wake interference, and improved
aerodynamic performance. Previous works show that distributed and wingtip-mounted propulsion
systems are promising candidates as a novel compact propulsor with excellent performance. How-
ever, the combination of multiple sources of lift and thrust brings significant challenges in terms of
aerodynamic interactions, noise emissions, vibration, instability, control, trim difficulties, power
allocation, and others. Nevertheless, AAM research is emerging mainly in Europe, the USA, and
Asia, as the appeal for better civil rotorcraft is growing. Several demonstrators, e.g. the US DARPA
XV-24A, Joby S4, and the VX4 from Vertical Aerospace, have been delivered, illustrating the su-
perior performance of AAM aircraft. Ahead of routine deployment of AAM aircraft, there is still
significant aerodynamic/aeroacoustic research and development to be carried out.

This thesis aims to investigate novel propulsion concepts, including tip-mounted propellers
and distributed propulsion systems, through CFD verification, optimisation, and aerodynamic per-
formance evaluation. The first part of the study validates the employed multi-fidelity simulation
methods using experimental data from the NASA Workshop for Integrated Propeller Prediction
(WIPP) and the Folding Conformal High Lift Propeller (HLP) project for isolated and installed
cases under various conditions. Additionally, aerodynamic and aeroacoustic validation via the hy-
brid methods for rotor-rotor interactions was also conducted using the GARTEUR Action Group
26 measurements.

Applying the same methods and simulation strategies used in the validation, the thesis fur-
ther examines a series of installed propeller configurations with actuator disks to identify perfor-
mance differences based on their position relative to a lifting wing. The reduced-order method
was cost-effective and suggested the approximate optimal position of the distributed propellers.
The actuator disk method has successfully captured the leading-edge suction induced by inflow.
In addition, the performance of the propulsion system changes due to different installation effects.
Furthermore, additional surfaces from nacelle and pylon structures will also have an impact on the
propulsion system. Therefore, additional verification cases utilising high-fidelity methods were
carried out, and the investigation of the conventional tractor and the optimal over-the-wing (OTW)
configurations was conducted for different numbers of propellers and conditions.

Wingtip-mounted propellers are known to be a promising configuration for reducing in-
duced drag through favourable wake interactions. This thesis presents, for the first time, the
integration of wingtip-mounted propellers with an OTW distributed propulsion (DP) system, in-
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vestigated using high-fidelity, fully resolved simulations. To investigate this novel tip-mounted
propeller–distributed propulsion (TMP-DP) configuration, equivalent-performance propulsion sys-
tems were proposed based on realistic aircraft operational conditions. The study examines complex
interactional flow phenomena inherent to such systems, including propeller–wing, propeller–propeller,
propeller–slipstream, and propeller–wake interactions. Given the intricacy of the distributed propul-
sion setup, key aerodynamic and propulsive parameters, such as thrust and power distribution, wing
lift, drag, lift-to-drag ratio (L/D), and pitching moments, are thoroughly analysed and reported.

To harness the benefits of multirotors in a distributed propulsion system, synchrophasing
has been implemented as a means of reducing noise. Tandem rotors, with and without vertical
offset, are investigated using fully resolved simulations under both hover and edgewise flight con-
ditions. A comprehensive synchrophasing study reveals varying levels of cumulative rarefaction
and compression effects in the resulting acoustic waves. To better account for the relative loudness
as perceived by the human ear, A-weighting and one-third-octave band analysis have been em-
ployed. These approaches help to identify how different frequency components contribute to the
overall acoustic signature and can inform targeted noise control and mitigation strategies. Finally,
this study quantifies noise reductions across the frequency spectrum for each synchrophasing case
and identifies the most effective phase angles. These optimal phase configurations can be tuned to
achieve maximum noise reduction at specific observer locations.
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Germany, September 5–7, 2023.

• J. Yin, F. De Gregorio, K.-S. Rossignol, L. Rottmann1, G. Ceglia, G. Reboul, G. Barakos,
Geng Qiao, M. Muth, M. KesslerA. Visingardi, M. Barbarino, F. Petrosino, A. Zanotti,
N. Oberti,L. Galimberti, G. Bernardini, C. Poggi, L. Abergo, F. Caccia,A. Guardone, C.
Testa, S. Zaghi “Acostic and Aerodynamic Evaluation of DLR Small-scale Rotor Configu-
rations Within GARTEUR AG26” In Proceedings of the 49th European Rotorcraft Forum
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Chapter 1

Introduction

1.1 Motivation

A new era of aerial transportation is rapidly emerging under concepts such as On-Demand Mobil-

ity (ODM), Urban Air Mobility (UAM), Air Taxi Operations, and Advanced Air Mobility (AAM).

While helicopters were the first practical aircraft capable of vertical takeoff and landing, with com-

plex rotor systems and control mechanisms, the focus of modern aerial mobility has evolved. Over

recent decades, attention has shifted toward enhancing cruise efficiency, increasing flight speed,

reducing noise and vibration, and improving overall safety and sustainability [1, 2]. Among the

most promising technological advancements enabling these goals is the development of novel con-

figurations based on distributed propulsion (DP). These configurations offer significant potential

to optimise aerodynamic performance, enable better load distribution, improve redundancy and

control, and enhance overall propulsive efficiency. As future air mobility systems move beyond

conventional VTOL paradigms, the integration of distributed propulsion architectures is poised to

play a central role in achieving quieter, more efficient, and scalable next-generation aircraft. In

addition to performance considerations, future platforms must also address key challenges related

to noise, safety, automation, energy storage and utilization, manufacturing, and system integration.

In recent years, many projects have been proposed and conducted in AAM aircraft and op-

erations. [3] The NASA Revolutionary Vertical Lift Technology (RVLT) project is investigating

1
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UAM VTOL aircraft operations [2], designs [4, 5], investigating approach [6], associated technology

development [7], baseline assumptions [8], noise [9], the tiltwing concept [10], and practical quiet

conceptual design [11] that can guide the VTOL aircraft development for the emerging aviation

markets. Different reduced-emission rotorcraft concepts were proposed, implementing advanced

drive system materials and approaches. [5] Vehicle classes are defined where different configura-

tions are adopted based on the requirements of payload, range, rotor radius, disk loading, power,

etc., and each class of design promises a different level of emission reduction. There is a 30%

emissions reduction achieved using the coaxial rotors for the relatively low payload requirement

concepts. [3] Furthermore, implementing advanced turboshaft engines and multiple rotors achieved

65% reduction of emissions. [3] These proposed vehicles incorporate novel features such as ad-

vanced propulsion architectures, including distributed and tip-mounted propulsion, and more effi-

cient, quieter rotors. Therefore, it is essential to investigate these innovative designs, which serves

as a primary motivation for this work.

Figure 1.1: UAM aircraft designs: six occupants (1,200lb), 75nm range [7, 9, 10].

Proposed configurations include quadrotor aircraft [7], side-by-side aircraft [7], lift+cruise

aircraft [7], a quiet single-main rotor helicopter [9], and a tiltwing aircraft [10] are shown in Fig-
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ure 1.1. Their designs implemented turbo-electric propulsion and can perform different missions.

Furthermore, those designs are generic and intentionally have a different appearance and design

detail from prominent industry arrangements. The aim of these concepts is to provide common

configurations and communication of the AAM research for examining the designs, analysis tool

development, technology trade studies, performance, noise emissions, and modelling of opera-

tions. The common configurations with proposed advanced technologies can be used for studies

in propulsion efficiency, aerodynamic interactions, acoustics, flight dynamics, propulsion safety,

reliability, crashworthiness, and more disciplines. The concepts are also widely shared and docu-

mented and aim for realistic performance. There are computational tools available for rotorcraft

analysis and design from NASA [3]. These tools are also capable of noise prediction; however, they

are primarily suited for preliminary studies due to limitations in required input data, computational

expense, fidelity, and the overall research effort involved. This highlights the necessity for accurate

noise prediction, which forms one of the central motivations of this work.

The NASA X-57 Maxwell aircraft is shown in Figure 1.2 [13] [14] and incorporates 12 small

electrically driven propellers distributed along the wing in front of the leading edge, along with 2

large propellers mounted at the wingtips, compared to the traditional configuration of the Tecnam

P2006T with isolated propellers installed in each semi-wing. The design featured in X-57 reduced

the original wing area, drag, and wingtip vortex at cruise, and a significant improvement of lift at

low speeds. However, the interactional aerodynamic effects have not been quantitatively assessed

in the public literature, and it is crucial to investigate both the aerodynamic performance and noise

reduction potential of distributed propulsion systems. This forms another key motivation for the

present work.

Previous investigations in distributed propulsion systems transitioned from conventional

tractor propulsion systems to over-the-wing distributed propulsion (OTWDP) systems, gradually

increasing the fidelity from low-order models to steady-state actuator disk simulations, and exper-

imental methods. However, it is rare to find studies examining conventional and OTW propulsion

systems, with equivalent performance at high load conditions. The benefits of the OTW configu-

ration and OTWDP system, when directly compared to equivalent conventional tractor configura-
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(a) Tecnam P2006T [12]

(b) X-57 Maxwell [13, 14]

Figure 1.2: The traditional Tecnam P2006T rotorcraft and the new X-57 Maxwell design.
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tions, remain unexplored and not quantified. Furthermore, the impact of pylon structures in OTW

configurations has been overlooked in previous studies, both with low-order simulations, and ex-

periments. Pylon structures not only create a blockage effect for the propeller but also add more

surface area, increasing the drag of the entire propulsion system. Additionally, these designs were

not studied as part of a distributed propulsion system, either via experiments or simulations. As

a result, future distributed propulsion designs may need further research. This thesis aims to pro-

vide computation and assessment of tractor, OTWDP and tip-mounted propeller (TMP) systems at

high-performance conditions.

1.2 Background and Literature Survey

A literature survey was conducted to identify AAM/eVTOL designs with different propulsion sys-

tems installed. Different propulsion designs, and their aerodynamic and aeroacoustic performance

are with the aims and objectives of the present research. The survey involved four databases: Sco-

pus, Web of Science, Aerospace Research Central-American Institute of Aeronautics and Astro-

nautics (ARC-AIAA), and the National Aeronautics and Space Administration Technical Reports

Server (NASA-TRS). In addition, conference proceedings of the Vertical Flight Society (VFS) and

European Rotorcraft Forum (ERF) were also reviewed. Various sets of keywords were used for

the searches, and are presented in Table 1.1. Ducted propulsors and their thrust vectoring, other

flow control methods and acoustic control methods such as acoustic liners, and different propulsion

configurations were also reviewed to have a better understanding of the background of rotorcraft

propulsion systems. The present research is then focused on the different propulsion systems based

on the findings of the survey, such as the Wingtip Mounted Propeller (WIPP), distributed propul-

sion systems, and the noise reduction from such multirotor systems.

1.2.1 Recent Rotorcraft Propulsion System Development

Over the last few years, VTOL aircraft developed rapidly from abstract concepts to emerging op-

erational vehicles. However, many challenging aspects of these novel designs have been identified
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Table 1.1: Literature survey keywords and findings from five databases. A total of 143 articles and
conferences in proceedings were collected.

Keywords Scopus Web of Science AIAA NTRS Total
Acoustic FWH Method 9 1 9 6 25

Adjoint Optimisation Noise 6 3 20 6 35
Vibration Noise 3 1 3 7 14

Noise Prediction Validation Reudction 2 3 3 3 11
VTOL Duct Propulsion 7 10 3 8 28

Review Noise Aeroacoustic 5 1 3 20 29
Boundary Layer Ingestion Inlet (active flow control) 4 2 6

Helmholz Resonator 1 2 2 5
Thrust Vecotring 1 2 2 4 9

Wingtip Mounted Propeller (WIPP) 11 11
Distributed Propulsion System (DPS) 8 1 9

Airframe Integration 1 1
Acoustic Liners Modelling 1 4 5
Inlet flow control for VTOL 1 2 1 4

Circulation Control 1 1

by designers and government agencies through their development. According to the report ”Urban

Air Mobility Noise: Current Practice, Gaps, and Recommendations” published in 2020 [15], a de-

mand for experimental data for isolated, installed, and multirotor configurations was suggested to

improve the validation of predictive models and to better understand scattering of noise. Unlike

traditional rotorcraft and propellers, current VTOL designs involve multiple open and ducted pro-

pellers with lower loading, tip Mach numbers (Mtip), and acoustic shielding. Due to these changes,

there are different aerodynamic interactions, and the complex broadband noise sources are now the

primary emphasis instead of the tonal and impulsive noise sources that predominate the acoustic

spectra of conventional rotorcraft [15].

Ducted propellers show promising performance and acoustic benefits, and have been used

as novel propulsors, e.g., the Airbus E-Fan, CityAirbus, and Bell Nexus eVTOL. Extensive ex-

perimental tests on ducted propellers were conducted by NASA [16] [17] [18], and started with the

development of the Bell X22 and the Doak VZ4D aircraft. Recently, Zhang and Barakos con-

ducted comprehensive computational works [19] [20] [21], further showing that the ducted propeller

is a promising candidate for eVTOL propulsors at low advance ratios. However, the ducted pro-

peller becomes less efficient than the open propeller at the aircraft speeds due to the drag of the
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(a) Lilium Jet at hover flight (b) Lilium Jet at cruise flight

(c) US DARPA XV-24

Figure 1.3: Various AAM designs with distributed propulsion systems, ducted on shown examples.

duct. A much higher nose-up pitching moment was also observed, compared to the open propellers

at crosswinds [20]. In terms of the acoustic benefit, their work reported 5 to 10 dB reduction by

ducting, in the near and far field noise.

Some other early conceptual studies on novel propulsion systems suggest that DP systems

appear to be an attractive and realistic solution for a wide range of aircraft configurations offering

different operational possibilities while addressing environmental and energy concerns. Several

distributed electric ducted propulsion designs have been proposed, including the Lilium Jet and

XV-24, as shown in Figure 1.3, utilises multiple electric ducted fans [22]. In addition, various

AAM concepts with open propellers/rotors have been proposed and developed by companies like

Joby Aviation in California, US (S4 aircraft) and Vertical Aerospace in Bristol, UK (VX4) as

shown in Figure 1.4. Most recently, the S2 aircraft of Joby Aviation has been delivered to the U.S.

Air Force and conducted multiple flight tests [23].
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(a) AAC hercules UAS (b) Joby aviation hexa tiltrotor S4

(c) Volocopter VC200 (d) Vertical aerospace VX-4

Figure 1.4: Various eVTOL employ open rotors.

1.2.2 Distributed Propulsion System

Since the last decade, several studies have shown that hybrid-electric, distributed propulsion (DP)

can reduce the impact on pollution [24, 25]. However, such complex configurations bring more

complex flow phenomena and aerodynamic interactions.

One of the early studies on DP was conducted in 2003 by Ko et al. [26], who assessed

the potential advantages of the DP concept. The central idea behind improving the propulsive

efficiency involves accelerated air from the trailing edge of the upper surface covering part or the

entire span of the wing due to the installed propulsive units. Their study quantified the influence

of DP in a blended-wing-body (BWB) multidisciplinary optimisation exercise. Minimising the

takeoff gross weight and comparing it to a conventional BWB aircraft, the newly designed aircraft

was found to be 4.4% lighter and required 2.7% less fuel. Additionally, they state that the DP

eliminated the need for traditional control surfaces and offered a reduction in perceived noise.
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In a subsequent study in 2010, Kim [27] discussed various DP systems for subsonic and supersonic

vehicle configurations, including the NASA N3-X, Empirical Systems Aerospace ECO-150/250,

MIT H3.1, and GIT [28]. These conceptual studies identified several benefits of DP systems, such as

reduced fuel consumption by ingesting the thick boundary layer flow and filling in the wake gener-

ated by the airframe with the distributed thrust stream, achieving high span-wise lift, by distributing

propulsors. Additional benefits were reduced noise through airframe shielding and structural inte-

gration, eliminating control surfaces through thrust vectoring, allowing for high production rates,

and easy maintenance of small and lightweight propulsors.

1.2.2.1 Early computational works

In 2015, Wick et al. [29] of the Air Force Research Laboratory (AFRL) and Lockheed Martin in-

vestigated the integration and benefits of distributed propulsion systems for future commercial and

military vehicles. In addition to the power benefits of DP systems [30], their study also showed

the integration benefits of the DP systems. An early configuration optimisation study, as in Figure

1.5, showed that the over-wing nacelle propulsion airframe integrations could potentially improve

aerodynamic efficiency by 5% compared to conventional under-wing nacelle configurations at tran-

sonic cruise. They used the USM3D [31] flow solver and performed RANS simulations with the

one-equation Spalart-Allmaras turbulence model [32]. Their solver could generate prismatic vis-

cous layers near the walls combined with an inviscid outer volume mesh. The resulting mesh

was smooth with full anisotropic stretching on the surface, layer, and volume. In addition, local

refinement was applied to specific regions.

In 2-D, the aerodynamic efficiency of engine placement, size, propulsive area, and thickness

was investigated. [29]. More than 2000 N-S CFD solutions were performed, and three 2-D dis-

tributed propulsion concepts were then selected for further investigation, which were the Lower

trailing-edge (TE), Upper TE, and embedded configurations. For the Lower TE concept, an inlet

at cruise could slow the air down when the capture ratio (mass flow rate divided by the freestream

flow through the equivalent area) was less than one, which in turn, created high pressure and gen-

erated additional lift. It can be used as a flap-like shape in 3-D to control thrust angle and create
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Figure 1.5: Integrated distributed propulsion study of the Lockheed Martin company, and the Air
Force Research Laboratory. [29]

additional lift at low speeds. The concept of Upper TE is mounting the propulsor on the upper side

of the wing at the trailing edge to help accelerate the flow over the upper surface of the wing, and

expand suction regions. The final concept presented in the study was an embedded concept; the

leading edge of the aerofoil was converted into an inlet. This design enhances propulsion efficiency

by enlarging the effective propulsive area through an expanded high-pressure region. Moreover, it

combines two high-pressure regions into one, and further reduces the wetted area.

These early conceptual studies on novel propulsion systems suggest that DP systems appear

to be an attractive and realistic solution for a wide range of aircraft configurations, offering different

operational possibilities, while addressing environmental and energy concerns in the context of the

growing demands of aviation.

1.2.2.2 Recent prototypes and experimental works

Given the promising advantages of distributed propulsion systems, a range of innovative designs

have emerged in recent years to further explore and optimise their performance. For instance,

the NASA X-57 Maxwell aircraft, developed by ESAero, incorporates 12 small electrically driven

propellers distributed along the wing in front of the leading edge, and 2 large propellers mounted

at the wingtips. [13] [14]. The Aurora XV-24 utilises multiple electric fans for VTOL capability
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and for achieving high cruise speeds [22]. With the emergence of the ”air taxi” market, and the

potential advantages of DP systems, various VTOL aircraft concepts have been proposed, or are

under development by companies like Joby Aviation[33] in California, US (S2 aircraft), Lilium

Jet[34] in Munich, Germany, and Vertical Aerospace [35] in Bristol, UK (VX4). Most recently,

the S2 aircraft of Joby Aviation [33] has been delivered to the U.S. Air Force and is currently

undergoing assessment.

Transition from vertical to horizontal flight and back is known as flying through the transi-

tion corridor. The NASA Langley Research Centre [36] have conducted flight tests for a variety

of VTOL configurations with distributed electric propulsion, in wind tunnel to better understand

transition, and help improve aircraft safety in the complex transition corridors. The Langley Aero-

drome 8 (LA-8) is shown in Figure 1.6, and features a high-risk/high-reward tandem tilt-wing,

and partially deflected slipstream. After wind tunnel tests, all aerodynamic data was documented,

including the longitudinal, lateral, and directional force and moment aerodynamic coefficients, at

different phases of flight. The first major finding was that longitudinal and directional stability

were significantly influenced by the blown wing and led to the vehicle becoming unstable in the

longitudinal (pitch) and directional (yaw) axes at cruise conditions. Another major finding was

that, with constant-pitch propellers, a trade-off emerges between achieving static stability and at-

taining a favourable trim point without the use of control surface deflections. For lift, it can be

created from propellers, wings, and lift from wing sections blown by propellers. Suggesting the

contribution from each component was different and needed to be determined at different flight

configurations for the future work.

1.2.2.3 Single propeller system

The aforementioned work also suggests that understanding the propeller performance envelope

beforehand is crucial for the vehicle-level installed investigation. Litherland et al. [37] reported the

design and investigation of a high-lift propeller for the NASA X-57 ”Maxwell” distributed electric

aircraft. In the X57, twelve fixed-pitch, high-lift propellers were mounted on the wing’s leading

edge to increase lift at low speeds. They were folded at high speeds to reduce drag. The blade has
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Figure 1.6: LA-8 UAS in the 12-foot low-speed tunnel. [36]

chord, twist, skew, and rake distributions in the radial direction that produce constant induced ve-

locity at the downstream of the propeller. Predictions of thrust, moments, power consumption, and

model accuracy were conducted to determine the aircraft performance and the flight envelope. In

addition, these performance prediction models were validated by a series of full-scale wind tunnel

tests, conducted at the NASA Langley Research Centre Low-Speed Aeroacoustic Wind Tunnel.

Apart from the validation, the experiments also included the adverse operating conditions and the

accuracy of the experimental setup. There were two sets of the same propellers that were manufac-

tured and named as right- and left-hand propellers for the wind tunnel tests. The results indicated

that the right-hand propeller had lower torque and thrust than the left-hand propeller, at a given

speed. Furthermore, a higher tonal noise was measured from the left-hand propeller. The authors

claimed that different material properties during propeller production caused the tonal noise dif-

ference between right- and left-hand propellers. High-speed images showed no blade oscillations

or instabilities from the operated propeller at any tested conditions. Based on validation and per-
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formance comparisons, this study aimed to improve the X-57 high-lift propeller prediction models

and obtain the propeller’s acoustics. Two potentially adverse low rotational speed conditions were

then identified from the dynamic events and thus suggested as ones that should be avoided during

the aircraft operation.

1.2.2.4 Multirotor system

The multirotor system was also seen as a key feature of these novel full vehicle designs. Previous

studies investigated tandem rotors at hover (zero forward velocity) or near-zero forward flight con-

ditions. The performance of the rotors was affected when placed close together, without overlap,

and the thrust droped by 2% - 8%[38] [39]. In addition, the interaction leads to unexpected unsteady

loading on the propeller blades[38, 40]. It has also been reported that the sideslip was increased when

the propeller was in forward flight conditions[41]. Apart from the edgewise effect, multi-rotors also

have streamwise development and change the aerodynamic loads on downstream surfaces such

as flow control devices, wings, or fuselage. In addition, it was noticed that the interaction be-

tween vortical structures in the slipstream leads to the blade wake and tip vortices breaking down

earlier than usual[38]. The third effect of the rotor-rotor interaction was a different noise gener-

ation mechanism. Placing the two rotors within a short separation distance increased the noise

level compared to the isolated rotors [40] [42]. The noise directivity pattern of the system was also

changed[43], but this could be manipulated by regulating the blade phase angles, which was termed

the synchrophasing technique[44]. However, the syschrophasing technique remains challenging if

the rotational speed and blade phase angles of the propellers are not properly controlled[45, 46]. The

development of phase detection and control using encoders makes the synchrophasing technique

possible[47, 48].

1.2.2.5 Tractor propeller installation

Considering there is also significant aerodynamic interaction between propellers in the distributed

propulsion system, de Vries [49] investigated a three-propeller configuration as shown in Figure

1.7. The study included the performance, flow-field characteristics, and noise emissions. Their
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experimental results showed that in a three-propeller configuration, there was a 1.5% decrease in

performance observed at the middle propeller. This penalty was found to be insensitive to the

rotation direction and to the relative blade phase angle. Additionally, the slipstream from adjacent

propellers induced local loading variations on the propeller disk, ranging from 5% to 10% of the

average disk loading.

In addition, noise measurements [49] presented in Figure 1.8 indicated that interactions in

distributed propellers altered the tonal and broadband noise waveforms compared to a single in-

stalled propeller. Distributed propellers have a higher Sound Pressure Level (SPL) in the spectrum

apart from the 5th Blade Passing Frequency (BPF). Reducing the propeller separation distance

significantly increased tonal noise at odd numbers of BPFs. Furthermore, the study explored an

active control method, changing the relative blade phase angles between propellers, to effectively

modify the noise directivity pattern of the DP system. A clear noise reduction, represented by

∆SPL at the region beneath the propulsion system, was seen in Figure 1.9, especially at the rel-

ative blade phase angle difference ∆θ = 40o and ∆θ = 50o. The study, further calculated the

mean phase-averaged SPLmean from the experiments that involved the distributed propellers in

different rotation directions, separation distances, and relative phase angle differences, as shown

in Figure 1.10. It was shown that the larger propeller separation distance ended up resulting in

the lowest SPLmean. Regarding the rotation direction, co-rotating propellers were quieter than the

counter-rotating propellers. Considering the overall effect from the investigated configuration, it

was concluded that the quietest configuration was the distributed propulsion system with a 1.0 d/R

propeller separation distance, co-rotating, and a 30o relative blade phase difference. Most impor-

tantly, this work concluded that the noise from the propellers in close proximity was higher than

three times the isolated propeller noise levels on the wind tunnel floor, but when the propellers

were placed far from each other (d/R = 1.0), the noise was comparable to the summation of three

individual propellers.

In the most recent work, De Vries et al.[50] expanded the OTW DP system from component

to aircraft level to assess its continued applicability. Preliminary sizing was conducted based on a

partial turboelectric regional passenger aircraft and compared its performance with a conventional
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(a) Position of the fields of view (FOV) in the PIV setup

(b) Overview of test setup, indicating main dimensions, reference systems, and
configurations. Dimensions in mm.

Figure 1.7: Visualisation of experiment setup and test matrix setups [49]
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Figure 1.8: Pressure spectra recorded on the wind-tunnel floor beneath the propellers (X/R = 0,Y/R
= 0). Co-rotating, BPF = 1107 Hz, J=0.8, ∆θ = 0o. [49]

twin-turboprop aircraft. Experimental data was used to validate a low-order computational method

to study an unducted OTW DP system. At cruise, for an aircraft with 53% of its wingspan covered

by the OTW DP system, the numerical method suggested a 45% improvement in local lift-to-drag

ratio at a cost of a 12% reduction in propeller efficiency. The coupling between the aerodynamic

performance of the propeller wing and the aircraft system level was found to increase the propul-

sive efficiency of the aircraft by 9% over a 1500 nautical mile mission. Additionally, this work

considered the increase in takeoff mass due to the electrical drivetrain and the reduction in fuel

weight due to the OTWDP system, resulting in a 5% reduction in the overall energy consumption.

1.2.2.6 Propeller installation location

Another important question is which configuration needs to be adopted by novel rotorcraft. Müller

et al. [51] investigated three different configurations with the propeller installed in tractor, over the

wing, and channel wing configurations as shown in Figure 1.11. The study of these three designs
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Figure 1.9: Change in SPL distribution on the wind tunnel floor (Z/R=-6.15) relative to the summa-
tion of three (incoherent) individual propellers. Dots indicate measurement locations. Co-rotating,
d/R=0.04, J=0.8. [49]

Figure 1.10: Mean phase-averaged sound-pressure level, SPL mean [dB], for different configura-
tions and relative phase angles. “N/A” indicates the corresponding phase angle was not measured.
[49]
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assessed their climb performance using actuator disk models and steady RANS simulations. Given

the interaction between the blown flap from the high lift configuration and the propeller, the con-

ventional tractor propeller resulted in significant increments in lift and drag due to the slipstream.

For the over-the-wing design, lift and drag of the wing were reduced compared to the tractor con-

figuration, but the lift-to-drag ratio and propulsive efficiency were further improved. Although the

channel wing configuration (see Figure 1.11(c)) provided moderate lift gains, a lower nosedown

pitching moment was noticed due to the location of the thrust vector closer to the centre of grav-

ity. Apart from the over-the-wing configuration gains, mostly in lift-to-drag ratio, inhomogeneous

inflow at higher velocity was observed, resulting in oscillating blade loads and reduced propeller

efficiency.

(a) Tractor configuration (b) Over the wing configuration

(c) Channel wing configuration

Figure 1.11: Propeller installed in tractor, over the wing, and channel wing configurations. [51]
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1.2.2.7 Over-the-wing propeller installation

Later, motivated by the performance improvement from the OTW design, Marcus [52] extends

the OTW study into the DP systems, employing a combination of experiments and low-fidelity

numerical tools. The low-fidelity numerical tools encompassed non-uniform inflow and blade-

element models for the propeller, a panel method for the wing, and a vortex lattice model for the

propeller slipstream. After validating the numerical tool using wind tunnel data, the effects of the

axial position and diameter of the propeller were investigated. The results revealed that the optimal

axial propeller position was near the trailing edge of the wing. In that location, the lift produced by

the wing was increased by 8% in cruise, and 3% in high-lift configurations. Additionally, reducing

the propeller diameter while maintaining a constant thrust coefficient at the same location also

yielded performance benefits.

Studies have shown the performance benefit in the OTW design, but the associated flow

physics have not yet been understood. De Vries et al. [53] then conducted a comprehensive wind

tunnel investigation into the OTW propeller and its interaction with the wing boundary layer. Their

experiments involved placing the OTW propeller above the hinge line of the wing. The experimen-

tal setups and their geometry, flat-wall and flapped configurations, are shown in Figure 1.12. Mea-

surements were carried out with and without axial pressure gradients. In addition, time-averaged

and unsteady interaction effects were quantified by using phase-averaged velocity, vorticity pres-

sure coefficient, and unsteady pressure coefficient root-mean-square contours. Their experiments

involved placing the OTW propeller above the hinge line of the wing. Measurements were taken

with and without axial pressure gradients, encompassing time-averaged and unsteady interactional

effects. Their work revealed that positioning the propeller over the wing surface induced flow sep-

aration, where the propeller slipstream did not follow the flap surface shown in Figure 1.13, and

an adverse pressure gradient on the wing as shown in 1.14, which was linearly proportional to the

thrust.

The authors attributed this to the contraction of the slipstream leading to a deceleration of the flow

near the surface of the wing. Additionally, the propeller-induced fluctuations in the surface pres-
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(a) Test section (viewed from behind)

(b) Close-up of propeller (viewed from below)

Figure 1.12: Experimental setups for the OTW configuration in the wind tunnel [53].
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Figure 1.13: Phase-averaged vorticity distribution downstream of propeller with flap deflected,
including an axial-velocity isosurface that delimits the region of reverse flow [53]
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Figure 1.14: Pressure distribution induced by the propeller on the wing surface in flat-wall con-
figuration. Measurements performed at a) V∞ = 40m/s, CT =-0.2, and ε/R = 0.14; b) V∞ = 20m/s,
CT =0.35, and ε/R = 0.037 [53].
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(a) Baseline position (b) Increased tip clearence (Tip clearence/Propeller ra-
dius=0.044)

Figure 1.15: Phase-averaged spanwise vorticity distribution, and in-plane propeller-induced veloc-
ity vectors, at three propeller positions. [53]

sure, and contributed to an increase in time-averaged pressure due to outflow deceleration. Also,

they explored different propeller locations as shown in Figure 1.15 and concluded that increasing

the tip clearance did not effectively alleviate flow separation. Conversely, positioning the propeller

half a radius upstream of the hinge line, generated a Coanda effect, which caused the flow to attach

to the flap surface. This effect led to a noticeable increase in lift for the entire configuration.

1.2.2.8 System-level investigation

In more recent studies in the literature, it is rare to see the investigation of the distributed propul-

sion system work at the aircraft system level, but it is crucial for the future works. To this end, De

Vries et al. [54] proposed a preliminary sizing method for hybrid-electric DP aircraft. Their work

takes into account the powertrain architecture and the associated effects of integrating propulsion

systems with the airframe, making it suitable for the conceptual design process of hybrid-electric

aircraft. By comparing three powertrain architectures, it was observed that while the energy con-

sumption increased by 3% when implementing the DP system, there was a significant increase in

wing loading, and a 6% improvement in lift-to-drag ratio at cruise.
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1.2.3 Wingtip Mounted Propeller

Propellers are more efficient than other propulsion techniques at subsonic speeds [55]. However,

the installation of propellers on the airframe can significantly influence the overall aircraft perfor-

mance. Notably, wingtip-mounted propellers are a promising configuration for reducing induced

drag through favourable wake interactions. This is particularly true when the propeller rotation is

opposite to that of the wingtip vortex in a tractor configuration, as this setup can mitigate the in-

duced drag [56, 57, 58]. In a pusher layout, where the propeller counter-rotates relative to the wingtip

vortex, the swirling flow induced by the wingtip can lead to reduced shaft power [58, 59, 60]. How-

ever, the tip-mounted propeller configuration also has drawbacks, including the adverse effects of

a highly loaded wingtip, the significant weight of the engine, inertia loads, and a large yawing

moment arm during one-engine-out scenarios.

Given the potential of the wingtip-mounted propulsion system for delivering increased aero-

dynamic efficiency, the workshop for integrated propeller prediction (WIPP) was established.

Helden Aerospace Corporation, Empirical Systems Aerospace, and NASA together conducted

wingtip-mounted propellers to investigate the propeller-wing interactions in the NASA Lockheed

Martin Low-Speed Wind Tunnel (LSWT). Their work collected a wide range of data under differ-

ent conditions and attracted great interest in validating computational fluid dynamics (CFD) codes.

Two primary objectives were achieved through experiments. The first was to produce an open-

powered database for CFD validation of propeller effects in a wingtip-mounted configuration. The

second was to study the tip-mounted propeller efficiency due to induced drag reductions by rotat-

ing the propeller opposite the wingtip vortex direction. The distributed report among the project

partners documented the overall effort, wind tunnel model design, the test matrix, and their data.

Motivated by the WIPP and their available test database, Baruzzi et al. [62] examined the

same configuration using four different numerical models with progressively increasing fidelity

and compared their cost and accuracy. The study first compared the FENSAP Actuator Disc Model

(ADM) and the Virtual Blade Model (VBM). FENSAP ADM used the Spalart-Allmaras turbulence

model, and Fluent VBM used the k−ω SST turbulence model with an intermittency transition.
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Figure 1.16: The status of the propeller-driven aircraft [61].

Figure 1.17: Model-scale tip mounted propeller mounted in the lockheed martin low speed wind
tunnel (LM LSWT) [61].

In the region away from the propeller-wing interactions, both methods resulted in good agreement

with the experiment at thrust, torque, and pressure coefficients at AoA = 0◦ when mounted with-

/without a propeller. However, due to the propeller slipstream, both methods lost accuracy close

to the interaction regions. At AoA = 15◦, the ADM agreed reasonably well with the experimental

data. It was noted that the slipstream of the propeller at high AoA prevented the flow separation
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Figure 1.18: 10%-scale C-130 4-blade Propeller [61].

from the wing by locally accelerating the flow. Furthermore, the multi-reference frame (MRF)

with the frozen rotor model (FRM) method has been applied to this study, and it was found out that

the MRF-FRM performed less accurately than ADM and VBM except for the section close to the

interaction region at the AoA = 0◦ case. The sliding mesh model (SMM) [62] had better accuracy

when compared to the ADM and VBM methods. However, in these cases, the results for the sec-

tion near the interaction region at AoA = 15◦ were not measured in the experiment. Overall, these

experiments and simulations investigated the complex flow induced from the wingtip-mounted

propeller with different methods, suggesting a high-accuracy method is required for this type of

configuration.

Aref [63] applied different grids to this case. The first grid had a single component, including

wind tunnel walls, and the second used overset levels, and an adaptive Cartesian method for the

near-body grid and wind tunnel walls. KCFD, the Kestrel CFD solver, used a second-order accurate

cell-centred finite volume discretisation that discretises the Reynolds averaged Navier-Stokes equa-
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Figure 1.19: Drag polar and pitch moment plots for isolated wing and the wing-propeller at CT =
0.4 and CT = 0.2 and α = 0◦ using actuator disk and fully-resolved blade models. [63]

tions (RANS) into a second-order cell-centred finite volume form, and this approach was applied

to the single unstructured grid simulation. The second approach used the SAMAir solver, which

is a fifth-order volume code employing Cartesian meshes. Adaptive mesh refinement (AMR) was

used between the near-body and off-body Cartesian grids to increase the resolution where needed.

Their study investigated an isolated wing, a wing with a powered-off propeller, and a propeller

at different thrust coefficients. The RANS results from SAMAir are shown in Figures 1.191.20,
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(a) Actuator disk (b) Fully resolved blades

(c) Actuator disk (d) Fully resolved blades

Figure 1.20: Flow solutions of the wing-propeller at CT = 0.4 and CT = 0.2 and α = 0◦ using
actuator disk and fully-resolved blade models. [63]

and were in good agreement with experiments, especially at low incidence. Better wing aerody-

namic performance in powered-on propellers, indicating a performance enhancement in wingtip-

mounted propeller configuration. The benefit of the wingtip-mounted propeller system was also

evidenced by Taniguchi and Oyama [64] in the study of the propeller mounting position effect on

aerodynamic propeller/wing interaction. Their study assessed the middle-mounted propeller and

wingtip-mounted propeller configurations using unsteady Reynolds-Averaged Navier-Stokes sim-
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ulation. They concluded that the wingtip-mounted propeller offers a significant increment in lift

coefficient due to the wingtip vortex effect.

Reveles et al. [65] also conducted the effects of model fidelity effects on propeller-wing inter-

actions. Models used from NASA Langley FUN3D include a uniform actuator disk with/without

accounting for the swirl effects, and discrete moving overset blades. The study compared wake ve-

locities obtained from these numerical models with available experimental data, and analysed the

pressure coefficient distribution along the wing, as well as the integrated forces. They concluded

that swirl effects are critical to the rotor and wing interaction studies. However, the influence of

swirl on sectional wing pressure is reduced due to the increased wing sectional lift. In addition,

the actuator disk was promising in reducing computational costs, but it compromised in underpre-

dicting the overall drag forces.

(a) Q-criterion isosurface coloured by the dimension-
less streamwise velocity

(b) The log of root-mean-square of pressure fluctua-
tion

Figure 1.21: Results computed by EDDES-SA on fine grid, M = 0.11 , CT = 0.40, AoA = 0◦ [66]

Early work has shown that fully resolved simulations with high-order schemes are critical

for the accurate prediction of the flow with strong aerodynamic interactions. Zhou et al. [66]

performed simulations and sensitivity analyses for the wingtip-mounted propeller configuration

using unsteady Reynolds-averaged Navier-Stokes to resolve the turbulent flow. Also, enhanced

delayed detached eddy simulations with the Spalart-Allmaras turbulence model were employed
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to predict separated flows. The flight condition at Mach 0.11 with Re = 0.66× 106 was selected

to meet the thrust requirement CT = 0.4, and three blade pitch angles were investigated. Time-

averaged pressure coefficients along the wing surface, and the propeller slipstream were extracted

from simulations and compared with experiments, showing good agreement. The results suggested

that finer grids captured better the wake profiles. However, the peak values were under-predicted,

except for the swirl velocity. Simulation and experiment results of the WIPP found that the wake

did not extend beyond the propeller tip. Acoustic characteristics were also investigated from the

simulations. Two noise sources were identified from the aeroacoustic analysis and visualised in

Figure 1.21 to trace the noise footprints on this integrated configuration, which includes turbulent

wake and blade tip vortex impinging upon the wing and nacelle surfaces. It was evident that the

leading edge of the wing, and the location below the nacelle were dominant noise sources due to

the impingement of propeller tip vortices. Finally, the sensitivity analysis was conducted using an

unsteady, discrete adjoint, approach to evaluate the surface sensitivity concerning the mean thrust

coefficient design objective. In conclusion, authors claimed that improving the mesh resolution

in the propeller wake region can reduce the time step to 0.25 degree of revolution per time step,

thus having a higher resolution of the flow field to advantage aeroacoustic analysis. This study

also suggested that the two adjoint-based shape optimisations can be subjected to maximising the

aerodynamic efficiency and minimising the far-field noise.

Zhou et al. [67] also investigated the turbulent flow fields and aeroacoustics of WIPP. Using

the same modelling strategy in the turbulent wake and blade tip regions. Noise computations of

the propeller rotation plane and the flyover plane evidenced that the blade tip vortices impinged on

the wing and nacelle surfaces were the most dominant noise sources.

In addition to the wingtip-mounted propeller configuration, integrated wingtip-mounted pro-

pellers with a distributed propulsion system were included in the X-57 Maxwell aircraft [68] and the

Scalable Convergent Electric Propulsion Technology and Operations Research (SCEPTOR) con-

cept [14]. These concepts attracted significant attention from industry, academia, and government.
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1.2.4 Noise Reduction in the multirotor system

Helicopter and electric VTOL operations are, to an increasing extent, limited by noise, which is

becoming an obstacle to their public acceptance [69]. Studies in aerodynamics and aeroacoustics of

multirotor configurations are therefore appearing in the literature. Greenwood et al.[70] conducted

a review, presenting the challenges and opportunities associated with low-noise electric aircraft.

The review highlighted the importance of low rotor tip speeds, and the complexities due to the

varied configurations of electric aircraft.

Designing multirotor aircraft necessitates a thorough understanding of the physics and noise

sources associated with the multiple flow interactions, and their subsequent sound propagation.

While the noise sources and scattering effects in conventional rotorcraft, such as helicopters, have

been extensively studied, these differ significantly for multirotor vehicles. Helicopters typically

operate at Reynolds numbers around 106 which are determined by chord length at 75% station of

the tip radius and the speed of the blade tip, whereas multirotor eVTOLs, which utilise multiple

smaller blades, operate at lower Reynolds numbers in the range of 104-105. In terms of noise

sources, blade vortex interaction (BVI) is a critical factor during descent in traditional rotorcraft

[71]. Greenwood et al.[70] reported that with a reduced tip Mach number, the tonal noise (thickness

and loading) was diminished due to lower thrust generation and reduced flow acceleration. How-

ever, in a multirotor system, the increased number of blades lead to more interactions, between

rotor blades and the turbulent flow, which contributes to the dominance of the broadband noise.

Nevertheless, the overall sound pressure level (OSPL) resulting from BVI in urban air mobility

(UAM) vehicles remains lower than conventional helicopters, mainly due to the smaller rotor sizes

used in UAM designs [72].

Regarding the multirotor system in the UK, several universities (University of Glasgow and

University of Manchester) and industries (Defence Science & Tech Lab DSTL and Rolls-Royce

Plc) started a project on Greener Aviation with Advanced Propulsion Systems (GAAPS). Rotor-

craft, particularly those equipped with electric or hybrid-electric propulsion systems, demonstrate

significantly higher efficiency than conventional gas turbines under low-speed, low-altitude flight
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conditions typically required for urban air mobility and short-range missions. This efficiency ad-

vantage stems from their ability to generate lift through large-diameter rotors at lower disc loading,

resulting in reduced power consumption and improved overall aerodynamic performance How-

ever, new vehicles are facing issues of scaling from sub-scale (unmanned) to full-scale (manned

transport). The conventional propellers used in aviation operate at constant RPM and are fully

reversible, but the new propellers addressed in the project are to operate over a wide range of RPM

and are mostly non-reversible (fixed-pitch). The goal of the project was to build understanding of

these new propeller systems, and to generate experimental data that can be used for further eV-

TOL developments in the industry. The mix of design, simulation models and strategies, advanced

manufacturing, wind tunnel testing, and open-air flight testing was combined within the project.

Figure 1.22: Full test rig and microphone setup installed in the AWB’s section [73, 74].
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Zhou et al.[75] investigated rotor-to-rotor interactions on small UAVs. Their findings in-

dicated that the separation distance between rotors had minimal impact on thrust performance;

however, reducing the separation distance increased thrust fluctuations and noise levels. Simi-

larly, Shukla and Komerath [76] found that the close proximity of adjacent rotors adversely affected

rotor performance due to intensified blade-vortex interactions. These effects were particularly pro-

nounced at low Reynolds numbers in hover conditions. Celik et al.[77] studied cruise conditions,

reporting a strong impact on noise at the first blade passage frequency (BPF) due to the presence

of upstream rotors.

Figure 1.23: Test setup in the NASA Langley Structural Acoustic Loads and Transmission (SALT)
anechoic chamber [78].

The aforementioned studies highlight increased noise levels resulting from flow interactions

in multirotor systems and suggest that effective noise attenuation strategies are needed. For tandem

rotors, Alvarez et al.[40] investigated rotor-rotor aeroacoustic interactions in hover, demonstrating

that reducing the tip-to-tip distance, and the downstream spacing between two rotors could lead to

a 10 dB increase in noise, with A-weighted sound pressure level, as measured directly beneath the

rotors. Interestingly, these interactions had minimal impact on blade loading. The study also found
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that introducing a vertical offset between side-by-side rotors, reduced noise with the A-weighted

sound pressure level going down by 4 dB without compromising aerodynamic performance. Phase

synchronisation is also a promising approach for tonal noise reduction, particularly in notional

octocopters [78], installed propellers [79, 80], and distributed propulsion systems [43, 44].

Phase synchronisation in multirotor systems has been studied by Shao et al.[81] and Guan

et al.[82]. Their research shows reduced noise in the low-frequency band, and at multiple harmonic

frequencies at specific locations, achieving a maximum noise reduction of 5 dB with counter-

rotating dual rotors and 11 dB with co-rotating dual rotors. On the downside, co-rotating rotor

pairs generated a significant net vehicle torque. [83].

NASA also conducted extensive measurements for dual rotor systems by applying syn-

chrophasing, and the test setup is shown in Figure 1.23. The measured and predicted source

directivity at the BPF are shown in Figure 1.24. Table 1.2 compares the measurements and pre-

dictions of the normalised sound power [78]. It was found that the counter-rotating rotors have

approximately the same noise level as the baseline case, which is two times that of the single rotor,

regardless of the relative phase angle. An increase of 2 dB was suggested by both prediction and

measurements for the co-rotating rotors. However, the increase of sound power was reduced to the

baseline level with a 45◦ phase offset, and reached a 5-6 dB reduction in radiated power at a 90◦

phase offset.

Table 1.2: Radiated power, at the blade passage frequency, relative to 2x the power of a single
rotor δ PWL [78]. Measurements were acquired on a portion of the lower hemisphere spanning
elevation angles from 0◦ to -45◦. Here, co denotes co-rotating, cntr denotes counter-rotating, and
Ψ represents the phase delay angle between the rotors.

Configuration Measured, hemisphere* (dB) Predicted, hemisphere (dB) Predicted, sphere (dB)

Single -3.0 -3.0 -3.0
cntr, Ψ = 0◦ 0.4 0.2 -0.1
cntr, Ψ = 90◦ -0.3 -0.1 0.1
co, Ψ = 0◦ 2.5 2.3 2.3
co, Ψ = 45◦ -0.2 -0.1 0.0
co, Ψ = 45◦ -5.8 -5.2 -5.3

Recently, the GARTEUR Action Group HC/AG-26 was established and coordinated by DLR
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(a) Single rotor (b) cntr, Ψ = 0◦

(c) cntr, Ψ = 90◦ (d) co, Ψ = 0◦

(e) co, Ψ = 45◦ (f) co, Ψ = 90◦

Figure 1.24: Comparison of the predicted (solid black lines) and measured (red circles) sound
pressure level in dB at the blade passage frequency at an elevation angle of 0◦. [78]
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with the aim of advancing the fundamental understanding of multirotor systems and developing

solutions for urban air mobility (UAM). This group includes fourteen partners from research and

industry. One of the key objectives of GARTEUR AG26 is to gain insights into noise genera-

tion and propagation in multirotor systems, including the effects of various installations. Tests

conducted by CIRA/DLR [84] involved Particle Image Velocimetry (PIV) measurements on small

rotor configurations as shown in Figure 1.22. These tests also included wind tunnel experiments

that assessed the aerodynamic performance and acoustics of isolated, coaxial, and tandem rotor

configurations [74, 85, 86]. Aerodynamic simulations for acoustic predictions were performed by

AG26 partners using a range of methods, from lifting line techniques to advanced Computational

Fluid Dynamics (CFD). Results across most cases showed satisfactory agreement between experi-

ments and numerical predictions, regardless of the employed methods [87]. Researchers at the CFD

Lab from the University of Glasgow (UoG) used the high-fidelity solver HMB3 to capture rotor

performance, flow phenomena, and acoustic emissions with strong rotor-rotor interactions for the

small isolated and tandem rotors of AG26 [87, 88, 89].

Aligned with the objectives, this study aims to conduct high-fidelity CFD simulations to

analyse the unsteady flow around a pair of tandem, counter-rotating 13x7 rotors in edge-wise for-

ward flight. The simulations will look at coplanar rotors and rotors with a vertical offset. Rotor

synchrophasing will also be studied. The findings are expected to advance the current understand-

ing of the sensitivity of angular phase offsets in different tandem rotor configurations.

1.2.5 Summary and Research Challenges

Regarding the propulsion system design, previous investigations transitioned from conventional

tractor propulsion systems to over-the-wing (OTW) systems, gradually increasing the fidelity from

low-order models, steady-state actuator disk simulations, and experimental methods. However, it

is rare to find studies examining both conventional and OTW propulsion systems, with equivalent

performance at high load conditions. The benefits of the OTW and OTWDP systems, when directly

compared to equivalent conventional tractor configurations, remain unexplored and not quantified.
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Furthermore, the impact of the pylon structure in the OTW configuration has been overlooked in

previous studies, with low-order simulations and experiments. The pylon structure not only creates

a blockage effect for the propeller but also adds more surface area, may increasing drag on the

entire propulsion system. Additionally, neither configuration, when integrated with a distributed

propulsion system, has been properly compared or thoroughly investigated using experiments or

fully resolved simulations. As a result, future distributed propulsion designs may lack certainty

regarding which configuration to adopt. To address these critical gaps in the research, the future

work aims to provide comprehensive insights and quantitative assessments of tractor and OTW DP

systems at high performance conditions.

The literature survey concluded that superior aerodynamic performance can be obtained

from tip-mounted propellers, but research combining tip-mounted propellers with distributed propul-

sion systems using high-fidelity simulation is currently rare since it requires complex simulation

strategies. As a result, the performance and flow characteristics resulting from increased propeller-

wing, and propeller-propeller interactions remain largely unexplored. Therefore, a generic config-

uration design with the integrated distributed propulsion system, and wingtip-mounted propellers

should be investigated using the fully resolved simulations to study the interactional aerodynamics,

associated flow, and their performance.

There are obstacles to leveraging the knowledge we had in the conventional rotorcraft to

the AAM. For example, isolated rotors from helicopters have been widely investigated in terms

of thrust, drag, efficiency, and Reynolds number effects. [90] [91]. These studies are generally

helpful for rotors in forward flight, but the full transition flight is also crucial for AAM. Most of

the proposed eVTOLs have edgewise flight with a small angle between the freestream flow and the

rotor disk. It needs to be better studied, as the helicopter rotor normally operates at hover and low

advance ratio conditions. At these conditions, forces across the rotor disk can be treated as uniform

due to the slight loading variation between the advancing and retreating sides of the rotor plane.

At low-tip speeds, VTOL rotors in edgewise flight, show a higher difference in dynamic pressure

between advancing and retreating sides at higher advance ratio conditions, generating higher thrust

[92]. It also leads to a strong tip vortex generation, thus changing the flow around the rotor disk
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and the lift distribution along the rotor blade [93, 94]. In addition, the flow and sectional lift change

will alter the thrust and acoustics of the rotor in comparison to conventional helicopter rotors.

These changes, particularly in low-speed rotors, are pronounced, highlighting the importance of

conducting detailed studies on rotor performance in VTOL aircraft.

Another obstacle is that the installation of propellers on the airframe and pylon can sig-

nificantly influence the overall aircraft performance. Notably, wingtip-mounted propellers are a

promising configuration for reducing induced drag through favourable wake interactions. This is

particularly true when the propeller rotation is opposite to that of the wingtip vortex in a tractor

configuration, as this setup can help mitigate the induced drag [56, 57, 58]. In a pusher layout, where

the propeller counter-rotates relative to the wingtip vortex, the swirling flow induced by the wingtip

can lead to reduced shaft power [58, 59, 60]. However, the tip-mounted propeller configuration also

has drawbacks, including adverse effects on highly loaded wingtips, engine weight, inertia loads,

and a large yawing moment arm during one-engine-out scenarios.

Another obstacle is that the installation of propellers on the airframe and pylon can signifi-

cantly change the aerodynamic interactions, which may influence the overall aircraft performance.

Nevertheless, wingtip-mounted propellers are a promising configuration for reducing induced drag

through favourable wake interactions. This is particularly true when the propeller rotation is op-

posite to that of the wingtip vortex in a tractor configuration, as this setup can help mitigate the

induced drag [56, 57, 58]. In a pusher layout, where the propeller counter-rotates relative to the

wingtip vortex, the swirling flow induced by the wingtip can lead to reduced shaft power [58, 59, 60].

However, the tip-mounted propeller configuration also has drawbacks, including the adverse ef-

fects of a highly loaded wingtip, the significant weight of the engine, inertia loads, and a large

yawing moment arm during one-engine-out scenarios.

1.3 Thesis Objectives and Organisation

This thesis is structured to provide a comprehensive literature review and investigation into ad-

vanced rotorcraft propulsion systems, with a particular focus on distributed and multirotor con-
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figurations. The main motivation for this research stems from the increasing demand for high-

performance, quieter, and safer aircraft in the context of Advanced Air Mobility (AAM). As en-

vironmental concerns become more prominent, addressing propulsion efficiency and noise emis-

sions is critical, particularly those arising from installation effects, multirotor interactions, and

aero-propulsive coupling.

Given the lack of consensus on optimal configurations for AAM platforms, current research

reveals considerable variability in predicted performance and noise characteristics, often due to

differences in simulation fidelity, trimming strategies, and modelling assumptions. Low- and mid-

fidelity methods, although widely used, often lack the resolution needed for robust design deci-

sions. Consequently, this work presents a systematic and high-fidelity investigation into the mod-

elling, trimming, and analysis strategies for novel propulsion concepts in rotorcraft applications.

Propulsors are recognised as a major source of noise in aircraft systems; hence, their design

plays a central role in achieving noise mitigation and performance optimisation goals. It is essential

to investigate various multirotor and propeller configurations to better understand the complex flow

physics, aerodynamic interactions, performance characteristics, and associated noise emissions.

In particular, the objectives of this thesis are:

1. To assesses multiple design parameters, including a range of propeller installation loca-

tions, the number of propellers, and advance ratios, using various computational methods.

An optimal trade-off between accuracy and computational cost is achieved by strategically

integrating different methods at appropriate stages of the investigation.

2. To establish computational criteria, strategies, and codes for aerodynamic and acoustic

analysis across various installed propulsion systems, considering variable RPM and diverse

flight conditions.

3. To evaluate noise control strategies that minimise adverse impacts on aerodynamic perfor-

mance and propulsion system configurations, using measured data from acoustic anechoic

chamber experiments as benchmarks.
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To address those uncertainties, the work based on the objectives in 1.3 is brought forward

and documented as follows.

• Chapter 1 presents the literature survey, the survey mechanism, and keywords associated

with the theme of the current work, such as DP, TMP, and the rotor synchronisation com-

monly used for noise reduction. The work is then motivated after the extensive critical

literature review.

• Chapter 2 describes the HMB3 solver and methods applied in the current work. The chap-

ter contains the CFD solver formulation, turbulence modelling, actuator disk modelling,

kriging surrogate model, simulation strategies and techniques, including hover formula-

tion, the overset grid method, and the visulization method, and the method used for the

acoustic predictions/analysis in the results chapters.

• Chapter 3 presents the validation and assessment of isolated conformal folding high lift pro-

pellers (HLP), tip-mounted propellers (WIPP), and multirotor systems (GARTEUR AG26),

along with a time-step and mesh refinement study to evaluate the capabilities of different

simulation strategies and methods for modelling the installed multirotor propulsion sys-

tems.

• Chapter 4 presents the investigation of distributed propulsion using validated geometries

and methods. Multi-levels of fidelities are used at different stages of the investigations to

maintain the accuracy and the resonable cost. The fully resolved investigations were based

on constrained analysis using either lift or thrust trimming strategies. A novel distributed

configuration has been proposed with superior overall performance.

• Chapter 5 introduces the main configuration used in this work. It combines the TMP and

DP systems to have the wing-blowing effects to improve lift generation and drag reduc-

tion. Together with improved propeller efficiency, resulting in improved overall propeller

efficiency. The use of blade-resolved simulation captured the interactional flows to aid a
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deeper understanding of interactional aerodynamics in various advanced propulsion tech-

nologies. Most importantly, the performance trimming is considered and detailed to pave

the way for practical applications.

• Chapter 6 examines the noise reduction technique using high-fidelity simulations by in-

troducing phase synchronization. A complete set of test cases is conducted with different

phase-delays between two rotors from different tandem configurations. Their effects are

analysed in aerodynamics and acoustics, accounting for human perception to shape the

understanding of the effectiveness of sychrophasing in noise control at different configu-

rations and conditions. An equivalent configuration was also investigated to quantify the

benefit of tandem rotors.

• Chapter 7 summarises the findings of the current work and offers suggestions for future

work.
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HMB3 Solver and Other Methods

The in-house Helicopter Multi-Block (HMB3) CFD solver is employed in this study. HMB3 can

predict the aerodynamic performance and acoustics of propulsion systems, as shown in previous

studies [95, 96]. HMB3 has been widely used in the investigation of rotorcraft flows [97, 98, 99, 100],

helicopter rotor aeroelasticity [101], propeller aeroacoustics [102], flight mechanics [103], and mis-

sile trajectory prediction [104]. Moreover, good agreement when compared to experimental results

in aerodynamics, acoustics, and aeroelasticity of propellers has been reported in previous stud-

ies [105, 106, 107, 108]. Most recently, its ability to capture the interactions of multi-rotor flows and

estimate the performance of ducted propellers was also documented [109, 21, 110].

HMB3 solves the Unsteady Reynolds Averaged Navier-Stokes (URANS) equation in inte-

gral form using the Arbitrary Lagrangian-Eulerian formulation for time-dependent domains, in-

cluding moving boundary layers. HMB3 uses a cell-centered finite volume approach to discretise

the Navier-Stokes equations on multi-block, structured grids. The 3rd order MUSCL (Monotone

Upstream-centered Schemes for Conservation Laws) approach is applied to provide high-order

accuracy in space. In the present work, simulations are performed with the k−ω shear stress

transport (SST) [111] turbulence model.

For an isolated rotor in axial flight, the azimuthal symmetry of the configuration can be

exploited, whereby only a fraction of the grid needs to be generated. The Rotating Reference

Frame (RRF) method is implemented in HMB3 [112] for simulations with rotational periodicity.
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The governing flow equations are solved in a non-inertial rotating reference frame, effectively

transforming the inherently unsteady rotor problem into a steady-state formulation. In practice,

this is implemented by applying periodic boundary conditions to capture the rotational symmetry

of the problem. Conceptually, this approach is analogous to shifting perspective: in the inertial

frame, we observe the rotor from a stationary point on the ground as it spins; in the non-inertial

(rotating) frame, it’s as if we are seated on the rotor, rotating along with it, thereby rendering

the flow field steady relative to the rotating observer. For unsteady simulations, the entire grid is

required. However, this can be obtained by copying and rotating the grids of the steady simulations

using the HMB3 tools. Additionally, unsteady calculations are possible using the implicit, dual-

time stepping approach. Chimera overset grids [113] are employed to capture the high-pressure

gradient region, such as propeller-wing/propeller-propeller aerodynamic interactions and wakes,

by including high-resolution Chimera blocks and have been carefully designed for efficient load

balancing. In addition, the overset grid method allows for overlapping and non-matching grids

to be used, where flow variables are interpolated from the components based on a predefined

hierarchy.

This chapter introduces the details of the HMB3 flow solver, including the discretisation

method, turbulence modelling, the Chimera method, simulation strategies and techniques, and

acoustic analysis. Moreover, the hover formulation, as well as the visualisation techniques, are

also presented. Finally, the mid-fidelity methods and the meta model are described in this chapter

and applied in this study to compare with the validation results and improve the work efficiency,

respectively.

2.1 Navier-Stokes Equations

All simulations performed in this work were conducted with the Helicopter Multi-Block 3 (HMB3)

solver [95] [114]. The solver was initially designed for solving rotorcraft problems on structured

grids using a control volume-based approach. Over years of development, HMB3 has been ex-

tended to handle overset grids, sliding planes, and unstructured meshes. It has been validated for
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a wide range of flows. The HMB3 solves the compressible Navier-Stokes equations in the 3D

Cartesian frame of reference (with space transformation of curvilinear grids). The Navier-Stokes

equations are Partial Differential Equations stemming out of the conservation laws.

• Conservation of mass (Continuity equation)

• Conservation of Momentum (Newton’s 2nd Law)

• Conservation of energy (1st Law of Thermodynamics)

The continuity equation describes the principle of mass conservation in a fluid flow and,

when expressed in Cartesian coordinates, ensures that the rate at which mass enters a control

volume equals the rate at which it leaves. In mathematical terms, it states that the divergence of

the velocity field is zero for incompressible flow, or that changes in density are accounted for in

compressible flow. This equation is fundamental in fluid dynamics as it guarantees that mass is

neither created nor destroyed within the flow field. The continuity equation describes the mass

conservation in Cartesian coordinates, xi , as follows:

∂ρ

∂ t
+

∂ (ρui)

∂xi
= 0 (2.1)

Newton’s 2nd Law describes that linear momentum conservation, this is written as follows:

∂ (ρui)

∂ t
+

∂
(
ρuiu j

)
∂x j

= ρ fi−
∂ p
∂xi

+
∂τi j

∂x j
. (2.2)

Here fi are any acting body forces, and τi j is the viscous stress tensor, defined as:

τi j = µ

[(
∂ui

∂x j
+

∂u j

∂xi

)
− 2

3
δi j

∂uk

∂xk

]
, (2.3)

Here, µ is the molecular viscosity and δ is the Kronecker delta, which is defined as follows:

δi j =

 1, if i = j,

0, if i 6= j.
(2.4)
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In terms of viscosity, Sutherland’s law is applied:

µ = µ0

(
T

Tre f

) 3
2
(

Tre f +TS

T +TS

)
, (2.5)

where T is the temperature of fluid condition, Tre f is a reference temperature (Tre f = 273.15 K), µ0

is the viscosity at that reference temperature (µre f = 1.716×10−5 kg/ms) and TS is the Sutherland

temperature (TS = 110.4 K).

The 1st Law of Thermodynamics states that total energy is constant within an isolated sys-

tem. This can be expressed as follows:

∂ρE
∂ t

+
∂

∂x j

[
u j(ρE + p)

]
− ∂

∂x j

(
uiτi j−qi j

)
= 0. (2.6)

Here, E is the total energy of the fluid per unit mass, e is the internal energy per unit mass and q is

the vector of heat flux. The total energy per unit mass is defined as:

E =

[
e+

1
2

uiui

]
, (2.7)

where 1
2uiui express the kinetic energy per unit mass. The heat flux vector is calculated by using

Fourier’s Law:

qi =−kh
∂T
∂xi

, (2.8)

where kh is the heat transfer coefficient. The assumption of ideal gas approximation is applied to

relate pressure and density. Dry air is considered as default, with a specific gas constant, Rsp, of

287.058 J/KgK,

p = ρRspT (2.9)

The HMB3 solver uses a dimensionless form based on four reference variables: length Lre f ,

a density ρre f , a velocity Ure f and a temperature Tre f . The values of the reference variables are
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arbitrary and typically chosen depending on the nature of the problem. The following dimensional-

to-nondimensional rescaling is applied:

x = x∗
L∗ , y = y∗

L∗ , t = t∗
L∗/V ∗∞

u = u∗
V ∗∞
, v = v∗

V ∗∞
, µ = µ∗

µ∗∞

ρ = ρ∗

ρ∗∞
, p = p∗

ρ∗∞V ∗2∞

, T = T ∗
T ∗∞
, E = e∗

V ∗2∞

(2.10)

2.1.1 Vector Form of Governing Equations

In the conservative form of the governing equations, the combination of continuity, energy, and

momentum equations can be expressed in the same generic equation. This will ease the implemen-

tation of a computer program. The vector of conserved variables W is expressed as follows:

W =



ρ

ρu

ρv

ρw

ρE


(2.11)

and together with the conserved variables of the Navier-Stokes equations written in the previous

section. The vector form of the conservation laws in Cartesian coordinates reads:

∂W
∂ t

+
∂
(
Fi +Fv)

∂x
+

∂
(
Gi +Gv)

∂y
+

∂
(
Hi +Hv)

∂ z
= S (2.12)

In the equation above, superscripts i and v express the inviscid and viscous components. The

superscripts i and v are used to present the inviscid and viscous components of the flux vectors F,

G and H, in the three directions (x,y,z).

The inviscid flux vectors of Fi, Gi, Hi are given by the following:
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Fi =



ρu

ρu2 + p

ρuv

ρuw

ρuH


Gi =



ρv

ρvu

ρv2 + p

ρvw

ρvH


Hi =



ρw

ρwu

ρwv

ρw2 + p

ρwH


(2.13)

where H = E + p/ρ is the total enthalpy.

In terms of the viscous flux vectors, Fv, Gv, Hv, contain terms for the heat flux and viscous forces

exerted on the body as follows:

Fv =
1

Re



0

τxx

τxy

τxz

uτxx + vτxy +wτxz +qx



Gv =
1

Re



0

τxy

τyy

τyz

uτxy + vτyy +wτyz +qy



Hv =
1

Re



0

τxz

τyz

τzz

uτxz + vτyz +wτzz +qz



(2.14)

In the above equations, where the Re = ρre fUre f Lre f / µre f . The term τi j describes the viscous

stress tensor and qi is the heat flux vector. In equation 2.12, S is the source term, which is set to

0 in most calculations. On the other hand, for rotors in hover and axial flight conditions, a non-
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inertial reference frame is normally used, and a source term will be added. The Hover formulation

is presented in section 2.4.1.

2.1.2 Spatial Discretisation

The Helicopter Multi-Block solver has adopted Navier-Stokes equations, which are presented by

the differential form of equation2.12, and can also be written in the Arbitrary Lagrangian-Eulerian

(ALE) formulation for time-dependent domains with moving boundaries:

d
dt

∫
V (t)

WdV +
∫

∂V (t)

(
Fi−Fv,Gi−Gv,Hi−Hv

)
·ndS =

∫
V (t)

SdV, (2.15)

The above equations describe a system of conservation laws for any time-dependent control volume

V(t) with its boundary ∂V (t) and n is outward normal to the volume boundary. Fi and Fv are the

inviscid and viscous fluxes, respectively. The fluxes include the mesh velocity formulation or

deformation. The source term S = 0 in the absence of volume forces and for inertial frames of

reference. For the rotors in hovering conditions, a non-inertial frame of reference is used for which

S 6= 0.

On structured multi-block grids, the Navier-Stokes equations 2.12 are discretised using a

cell-centred finite volume method. The spatial discretisation introduces a set of time-dependent

ordinary differential equations,

d
dt

(
Wi, j,kVi, j,k

)
=−Ri, j,k(Wi, j,k), (2.16)

Where W and R are the vectors of cell conserved variables and residuals, respectively. The con-

vective terms are discretised using Osher’s upwind scheme [115] in consideration of robustness,

accuracy, and stability characteristics. Additionally, the Monotone Upstream-centred Scheme for

Conservation Laws (MUSCL) variable extrapolation[116] and the Van Albada limiter [117] are ap-

plied to provide second-order accuracy, and to prevent spurious oscillations around shock waves,

respectively. The viscous terms are discretised using central differencing. The ghost cells are

applied for boundary conditions from each block.
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2.1.3 Steady State Solver

For steady-state issues, the time derivative component in equation 2.16 is set to zero. The pseudo-

time stepping method is adopted in HMB3 to reach a steady-state from the system of equations

expressed in Equation2.16 using an implicit time-marching scheme:

Wn+1
i, j,k−Wn

i, j,k

∆ t
=− 1

Vi, j,k
Ri,j,k

(
Wn+1

i, j,k

)
. (2.17)

where n+1 defines the time (n+1)∗∆ t. To simplify the solution procedure, a system of non-linear

algebraic equations 2.17 is applied, the flux residual Ri,j,k

(
Wn+1

i,j,k

)
is linearised in time as follows:

Ri,j,k
(
Wn+1)= Ri,jk (Wn)+

∂Ri,jk

∂ t
∆ t +O

(
∆ t2)

≈ Rn
i,j,k (W

n)+
∂Ri,j,k

∂Wi,j,k

∂Wi,j,k

∂ t
∆ t

≈ Rn
i,j,k (W

n)+
∂Ri,j,k

∂Wi,j,k
∆Wi,j,k

(2.18)

where ∆Wi,j,k = Wn+1
i,j,k−Wn

i,j,k. Equation 2.17 can be derived in linear system form:

[
Vi, j,k

∆ t
I+

∂Ri,j,k

∂Wi,j,k

]
∆Wi,j,k =−Rn

i, j,k (W
n) . (2.19)

It is prohibitive as the number of equations increases, to solve this linear system of equations

using direct methods. The iterative Generalised Conjugate Residual (GCR) method is adopted to

solve large systems of equations efficiently in both time and memory requirements. In addition, the

GCR method is applied in conjunction with a Block Incomplete Lower Upper (BILU) factorisation

method [118] adopted as a pre-conditioner for the system of equations. Several explicit iterations

are done in the early stages of the solution to smooth out the initial flow. The use of an estimated

flux Jacobian (first-order discretisation) requires less CPU time and memory for better storage

and computational efficiency [119], through a smaller linear system and a more diagonally domi-

nant Jacobian. Finally, to improve the parallel efficiency by reducing the parallel communication

overhead, the BILU pre-conditioner is used decoupled between grid blocks.
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2.1.4 Unsteady State Solver

For unsteady problems using the time-accurate simulations, the flow is calculated using the implicit

dual-time stepping method of Jameson [120]. The implicit equations at each real-time step are

solved using the implicit method through inner pseudo-time, therefore like for the steady solver.

Expanding from that, the residual used for the steady-state solver is re-defined to obtain a steady-

state equation using acceleration techniques. The re-defined residual is discretised into three levels

(n-1, n, n+1) by using the conserved variables as presented as follows:

R∗ =V
3Wn+1−4Wn +Wn−1

2∆ t
+R(Wn+1). (2.20)

With the introduction of the pseudo time τ , the equations can be rewritten as similar ones that are

used for the steady-state solver:

Wn+1,m+1−Wn+1,m

∆τ
=− 1

V
R∗(Wn+1,m+1), (2.21)

Then the non-linear system is solved using the steady-state method by using pseudo-time, where

m denotes the m-th inner iteration of the implicit integration within the pseudo-time.

2.2 Turbulence Modelling

Applying direct numerical simulation of all flow scales is too costly for the flows considered in this

thesis. Large length scale approaches an order of rotor radii in the rotor wake from rotary-wing

flows, whereas the turbulent length scale in the rotor boundary layer, which is dominated by viscous

dissipation, has very short length scales approaching the Kolmogorov scale [121]. An imbalance

between the turbulence production and dissipation terms in the rotor wake was also present. The

use of the Reynolds number is as the ratio between the inertial and viscous forces, where the ratio

between the smallest and largest length scales that exist in the flowfield is Re3/4. This means that

the greater the Reynolds number, the greater the ratio of the minimum length scale to the maximum

length scale. This restricts DNS simulation to low Reynolds numbers with an order of Re9/4 grid
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points required based on computational resources today. Due to its cost-effectiveness, prior studies

showing the importance and most common modelling approach today are the Reynolds Averaged

Navier-Stokes (RANS) equations. The RANS equations based on a statistical description of all the

turbulent scales are described in the following subsection.

In contrast to low computational cost, the RANS method has limitations in high numerical

diffusion and the need for empirical relationships to model turbulence. The gap between LES and

RANS simulations is filled by using Detached Eddy Simulation (DES), which is seen as one of

the hybrid turbulence models, and it has been applied in some rotary-wing flows successfully [121].

The DES model works as the RANS method used in the near-body region and the LES method

in the rotor wake region, based on a grid length scale. The present study will be constrained to

the RANS modelling approach. DES, LES approaches are available within the HMB3 solver, but

these are not used here.

2.2.1 The k−ω SST Turbulence Model

It is known that the biggest challenge in turbulence modelling is to estimate the Reynolds stress

tensor. This work applied the Menter SST model since it combined the benefit of k - ω model

for the flow near the wall and the k - ε for the flow far from the wall and leads to better accuracy

for adverse pressure gradient flows [111]. In addition, most proposed models are based on the

Boussinesq assumption, resulting in the similar Reynolds stress tensor τR
i j and the viscous one τ:

τi j = 2µSi j−
2
3

µ
∂uk

∂xk
δi j, τ

R
i j = 2µtSi j−

2
3

kδi j, (2.22)

where Si j is the traceless mean strain rate, k is the turbulent kinetic energy, and µt is the turbulent

viscosity (or eddy viscosity), giving the additional contribution of turbulence to dissipation. In the

SST model, the eddy viscosity can be computed by the following:

µt = ρ
k
ω
, (2.23)
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where ω is the turbulent specific dissipation. In the SST model, two governing transport equations

for k and ω are solved as:

∂ρk
∂ t

+
∂ρU jk

∂x j
= τi j

∂Ui

∂x j︸ ︷︷ ︸
production

− β
∗
ρωk︸ ︷︷ ︸

destruction

+
∂

∂x j

[
(µ +µtσk)

∂k
∂x j

]
︸ ︷︷ ︸

diffusion

, (2.24)

∂ρω

∂ t
+

∂ρU jω

∂x j
=

γ

νt
τi j

∂Ui

∂x j︸ ︷︷ ︸
production

− βρω
2︸ ︷︷ ︸

destruction

+
∂

∂x j

[
(µ +µtσω)

∂ω

∂x j

]
︸ ︷︷ ︸

diffusion

+2(1−F1)
ρσω2

ω

∂k
∂x j

∂ω

∂x j︸ ︷︷ ︸
cross-diffusion

.

(2.25)

In the above equations, F1 is a blending function for calculating the model closure coefficients γ ,

σk, σω , and β . The k-ω is on in the near-wall region, and the k-ε is on in the wake and free shear

layer to obtain the advantages of each model in different flow regions. The blended model feature

with the k-ω has no dependency on the free-stream value of the turbulent specific dissipation

compared to the initial version [111], where the blending function F1 is:

φ = F1φ1 +(1−F1)φ2. (2.26)

In the above equation, the blended closure coefficient φ is determined by each closure coefficient

of φ1 and φ2 from k-ω and k-ε models. The relation of turbulent quantities applied in the derivation

is ω = ε/(Cµk). The coefficients used in the Wilcox k-ω model [122] are:

σk1 = 0.5, σω1 = 0.5, β1 = 0.075, γ1 =
β1/β ∗−σω1κ2√

β ∗
. (2.27)

and the coefficients used for the k-ε model are:

σk2 = 1.0, σω2 = 0.856, β2 = 0.0828, γ2 =
β2/β ∗−σω2κ2√

β ∗
. (2.28)

In both scenarios, β ∗ = 0.09 and κ = 0.41, and the F1 blending function is defined as:

F1 = tanh(arg4
1), (2.29)
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arg1 = min

[
max

( √
k

0.09dwω
,
500ν

d2
wω

)
,

4σω2k
CDk0d2

wω

]
, (2.30)

CDk0 = max
(

2ρσω2
1
ω

∂k
∂x j

∂ω

∂x j
,10−20

)
. (2.31)

Further improvements based on the Bradshaw assumption were applied to modify the eddy

viscosity, resulting in the turbulent shear stress in the boundary layer being proportional to the

turbulent kinetic energy as −ρu′v′ = ρa1k. With the introduction of the function F2, the eddy vis-

cosity is defined to satisfy the Bradshaw relationship in the boundary layer and without modifying

the rest of the formulations. As a result, the function F2 drops to zero in the free shear layers. The

modified eddy viscosity is:

µt =
a1k

max(a1ω;ΩF2)
, (2.32)

Ω =
√

2Ωi jΩi j, (2.33)

Ωi j =
1
2

(
∂Ui

∂x j
−

∂U j

∂xi

)
. (2.34)

where Ω is the absolute value of the mean vorticity vector. This modification avoids the over-

prediction of the turbulent shear stress in the boundary layer, where Ω > a1ω . The function F2

is:

F2 = tanh(arg2
2), (2.35)

arg2 = max

( √
k

0.09dwω
,
500ν

d2
wω

)
. (2.36)

Finally, eddy viscosity is corrected with an additional function, F2, and the resulting model is

called SST.
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2.3 Actuator Disk Models

The current study used the actuator disk representation of rotors for modelling interactional aero-

dynamics. The actuator disk is an efficient modelling approach offering reduced computational

cost but has low fidelity. It has been widely used for rotors [123, 124] and propellers [125]. Here, the

actuator disk model is implemented as equivalent momentum and energy sources injected into the

flow field, with an illustration of the method presented in Figure 2.1.

(a) Rotor disk and local forces in a space
cylindrical coordinate system.

Gaussian: 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time-dependent Guassian

Gaussian=1 (steady)

(b) Time-dependent Gaussian representing a three-bladed rotor.

Figure 2.1: Illustration of the actuator disk modelling of rotors.

Dividing a rotor disk into segments, in a polar coordinate system, centred at the rotor hub, as

shown in Figure 2.1(b), the local force vector for a specific cell is correlated with a pressure jump

using:

T = ax

∫ 2π

0

∫ Rt p

Rrt

∆P(r,ψ)g(r,ψ, t)σ(x,y,z)drdψ, (2.37)

Q = at

∫ 2π

0

∫ Rt p

Rrt

∆Pt(r,ψ)g(r,ψ, t)σ(x,y,z)r2drdψ, (2.38)

where (r,ψ) are the local polar coordinates on the disk, with the subscripts rt, t p denoting the root

and tip values, respectively. Here, ax and at are scaling factors ensuring that the total thrust or

torque imposed on the flow field equals specified amounts, and σ(x,y,z) is a distribution function
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introduced to adjust the strength of the disk in space as read as:

σ = σr ·σax, (2.39)

where σr is the radial distribution, and representing that the jumps at the root and the tip were

replaced by smooth sine functions.

σr =



0.5sin
( r−r0

2δ
π
)
+0.5, r0−δ < r < r0 +δ ;

1, r0 +δ ≤ r ≤ r1−δ ;

0.5sin
( r1−r

2δ
π
)
+0.5, r1−δ < r < r1 +δ ;

0, otherwise.

(2.40)

where r is the radial distance from a cell centre to the disk centre, r0 and r1 are the root and tip

radial coordinates, respectively. δ is a tolerance factor that can be used to adjust the size of the

smoothing region.

In the axial direction, the Gaussian function or a cosine square function σax was used to

represent the jump, which reads as.

σax =


cos2

(
δZπ

2ε

)
, −ε < δZ < ε;

0, otherwise.
(2.41)

where δZ is the normal distance from a cell centre to the disk plane. Tolerance value ε used to

adjust the size of the smooth region, which is normally set as 1 or 2 times the local mesh cell

size in the norm direction. The jump ratio can also be controlled by adjusting the power, and the

Gaussian function used was tended to have a smoother transition to zero.

The function g(r,ψ, t) in Equations 2.37 and 2.38 is a time-dependent Gaussian to redis-

tribute the initial pressure jump in space to resemble discrete blades [126], as shown in Figure 2.1(b).

This is to model the time-resolved blade motions, thereby allowing for more similar tip/root vortex

systems and the induced flow features. Since it distributes the momentum sources into the blade

shapes, this model is also called the Actuator Line (AL) method. In steady simulations, g(r,ψ, t)

is set to a constant value of 1. The function g(r,ψ, t) is read as:
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g =

√
π(r− rrt)

0.75Nbc

Nb

∑
k=1

e

(
−

L2
k

ε2
k

)
, (2.42)

where Nb is the number of blades, and c is the nominal blade chord length. r and rt are the local

radial positions of the nominal blade tip and root cutout. The azimuth distance Lk between the

local cell centre and the kth blade is read as

Lk = π cos−1(cos(∆ψ)), (2.43)

where ∆ψ is the azimuthal difference between the local point and the kth blade. The spatial distri-

bution εk is defined as:

εk =


c2r

R , 0 < r ≤ 0.5R,

c, 0.5R < r ≤ R,
(2.44)

where R is the nominal blade radius. Similar to the actual blade loading distribution, the Gaussian

distribution concentrates the majority of the loads to the blade tip region. A sample Gaussian

distribution for a three-bladed rotor is shown in Figure 2.1(a) to show the discrete blades.

The pressure distributions ∆P and ∆Pt are critical for the actuator disk modelling. A non-

uniform disk model is normally applied at edgewise forward flight. In the present work, we used

a uniform disk model for the axial flight propeller. The uniform disk model assumes a constant

pressure jump ∆P across the disk for each discrete blade. By solving the integration in Equation

2.37, the pressure jump ∆P in the disk normal direction is read as:

∆P =
T

π
(
r2− r2

rt
) = CTUK 0.5ρ∞V 2

tipπR2

π
(
r2− r2

rt
) =

CTUK 0.5ρ∞V 2
tip

1−
( rrt

r

)2 , (2.45)

In the HMB3 solver, the dimensionless ∆P is calculated using reference pressure ρre fV 2
re f as

follows:

∆ P̄ =
∆P

ρre fV 2
re f

=
CTUK 0.5ρ̄∞V̄ 2

tip

1−
( r̄rt

r̄

)2 , (2.46)
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where all barred values are made dimensionless using corresponding reference values. For exam-

ple, reference length used for the simulation are used here to calculate the dimensionless blade

radius and root cutout. For ρre f , ρ∞ was chosen, indicating ρ̄∞ = 1. For the reference speed Vre f ,

the free-stream velocity is commonly used. However, the freestream speed is unfavourably small

at hover or high-performance conditions, this work applied blade tip speed instead.

The tangential momentum ∆Pt is also a constant in Equation 2.38, which was calculated as:

∆Pt =
3Q

2π
(
r3− r3

rt
) = 3CQUK 0.5ρ∞V 2

tipπr3

2π
(
r3− r3

rt
) =

3CQUK ρ∞V 2
tip

4
(

1− r3
rt

r3

) . (2.47)

The dimensionless ∆Pt was then derived using ρre fV 2
re f , which reads as:

∆ P̄t =
3CQUK ρ̄∞V̄ 2

tip

4
(

1− r̄3
rt

r3

) . (2.48)

Finally, Equations 2.37 and 2.38 are evaluated at each computational cell, and the thrust

value is converted to its corresponding momentum and energy sources and passed into the dis-

cretised governing flow equations of the HMB3 solver. The actuator disk models resolve less

geometry, motion, and boundary layer details compared to fully blade-resolved simulations, but

the computational cost is significantly reduced due to fewer computational cells and faster con-

vergence. Suggesting that the actuator disk models are promising potential tools for preliminary

studies of interactional aerodynamics with the feature of cost efficiency and reasonable simplifica-

tion.

2.3.1 Kriging Surrogate Model

The Kriging surrogate model [127] is an interpolation method based on Gaussian regression, and

is used here to search for optimal configurations of propellers. Kriging, estimates the value of an

unobserved evaluation point using a predictor function plus a small, stochastic variance as follows:

Z(x) = Z0 + ε(x), (2.49)
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where Z(x) is the prediction at the unknown location x, and Z0 is the mean value of the data set.

ε(x) is a random variable depending on the distance between the unknown point, and the sampling

points, and has a mean value of zero. In most cases, it is common that values at the interpolation

points are very similar to their immediate known neighbours, and have weaker correlations with

sampling points that are far away. The Kriging model uses prescribed variograms to describe

the correlation between the sampling and predicted points, thereby solving for the term ε(x) for

the interpolation [127]. Kriging models can be categorised into different types, depending on the

function types of Z0 and ε(x) used. The current work adopts the Ordinary Kriging with Z0 denoted

by a constant, and ε(x) a normal distribution [127]. More details can be found in Saves et al.[128].

Compared to deterministic interpolation methods e.g. radial-base functions or polynomial

approximations, the benefit of Kriging is that it provides not only predictions of function values at

unobserved points, but also the uncertainty of the predictions. Kriging has hence been widely used

in various applications, including shape optimisation studies. The drawbacks are the slightly larger

computational cost for solving linear systems (which scales with the number of sampling points)

assumptions on the data set, in terms of stationarity and compliance with normal distributions.

Nonetheless, these disadvantages are not critical, as the demanded computational cost is much

smaller than the CFD simulations, and the assumptions can be examined by verifying and assessing

the interpolation results.

2.4 Simulation strategies and techniques

2.4.1 Hover Formulation

The computational expense can be reduced by using periodicity of flow in the azimuthal direction,

i.e. for a rotor with N blade/blades, 1/N of the complete domain with pre-set periodic boundary

conditions can be simulated [95]. A non-inertial reference frame has employed to account for rotor

rotation since it allows the flow field around the rotating blades to be treated as steady relative to

the rotating system. In an inertial (stationary) frame, the rotor motion introduces time-dependent
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boundary conditions, making the problem inherently unsteady and computationally expensive to

resolve. By switching to a rotating (non-inertial) reference frame that moves with the rotor, the

blades appear stationary relative to the observer, simplifying the governing equations and enabling

the use of steady-state solvers. This significantly reduces computational cost while still capturing

the essential aerodynamic characteristics of the rotating system. To present the centripetal and

Coriolis accelerations, a combination of mesh velocity in the ALE formulation of the Navier-

Stokes equations and source terms for the momentum equations. The mesh rotation in the direction

of the rotor is presented by mesh velocity, thus a formulation with reference velocity u−→re f = ω×~r

is created. vecr is the position vector of a mesh cell. The source term for the momentum equations

can also be formulated in the following form:

S = [0,−ρω×−→uh,0]
T (2.50)

where −→uh presents the velocity field.

In hover, a source-sink model was used to provide far-field boundary conditions. This model

estimates the rotor field using a three-dimensional source-sink singularity with a strength defined

by the rotor thrust. The singularity is placed on the rotor disc plane and on the rotor axis of rotation.

The sink draws flow from the surrounding area into the computational domain, resulting in

a velocity as follows:

Win =−
1
8

√
CTUK

(
R
d

)2

(2.51)

The distance (d) of an arbitrary point (xp,yp,zp) from the rotational axis of the rotor set at the

origin of the coordinate system is d2 = x2
p + y2

p + z2
p. The rotor tip speed Mtip is used to normalise

the magnitude of the total incoming velocity Min. The velocity is assumed uniform at the far-field

exit. The 1-D momentum theory is applied to calculate the magnitude of the outflow using rotor

thrust coefficient,CTUK and the following formulation:

Wout =−
√

CTUK

4
/

(
Rout

R

)2

, (2.52)
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where Rout indicates the radius of the outflow region. An empirical equation implemented in

HMB3 is used for Rout:

Rout = R
(

0.78+0.22eHout /R
)

(2.53)

In the above equation, Hout is the distance between the outflow boundary and the rotor plane. By

establishing a target thrust coefficient, CTUK , based on experimental data or user estimation, the

strength of the sink is selected to balance the mass flow into and out of the computational domain.

2.4.2 Overset Grid Method

In HMB3, the grid is built based on the overset grid method [129], including splitting the computa-

tion domain into independently generated sub-domains, overlapping, non-matching sub-domains.

These sub-domains are sorted with different levels, thus presenting calculation priority. The inter-

polation method is applied following the level hierarchy to exchange data between the sub-domain

levels. Generally, for rotor computations, a foreground near-body grid overlaps the background

far-field domain. Overset grids have various advantages for rotorcraft, including simplicity of grid

generation and lower cell counts. The concept of the overset grid for a 2D aerofoil example is

shown in Figure 2.2, where a lower grid level (level=0) is shown in black, as the background grid,

and a higher grid level (level=1), is shown in red as the foreground aerofoil grid.

In the overset grid scheme, inter-grid communication and high-order interpolation tech-

niques are necessary. To deal with these problems, the block and solid minimum volume bounding

boxes (MVBB) are identified using a localisation technique based on the second moment of the

area matrix. The cells inside the MVBBs are then identified using an Overset Mesh Search (OMS)

with a range-tree method. An Exact Arithmetics Library (EAL) is utilised to verify that every point

can only be placed in the correct cell. This step ensures the determination of the node quantities

following the grid priority identified during the cell flagging procedure. The cells shown in Figure

2.2 can be classified into three main categories, i.e. holes, interpolations cells and normal/compu-

tational cells. The details have been described as the following:
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Figure 2.2: Example overset grid setup for a 2D aerofoil including background and foreground
grid layouts with grid cell flags[130]

Normal cell, where equations are solved

Fringe cell, corresponds to the last layer of computational cell

Interpolation cell

Hole cell, non computational cell due to the overlapping of a higher level grid

Solid hole cell, where cell is not computational as it is inside a solid

enoindent Figure 2.2 shows the grid localisations and cell flags. It should be noted that

the interpolation cells obtain information from the foreground grid, where the foreground grid is

also updated information from the background grid. The information from cells is then applied to

calculate flux on the overset mesh boundary of foreground grid cells. Additional information on

the overset grid method and its implementation in HMB3 are presented in reference[113].
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2.4.3 Visualisation of Vortical Structures

To visualise the wake, isosurfaces of Q-criteria are adopted. In this method, vortices are defined as

regions with a positive second invariant of the velocity gradient tensor,∇u [131]. The quantity can

be derived as follows:

Q =
1
2
(
Ω̂i jΩ̂i j− Ŝi jŜi j

)
(2.54)

where the antisymmetric Ωi jand symmetric Ŝi j parts of the velocity gradient tensor can be ex-

pressed as follows:

Ω̂i j =
1
2

(
∂ ûi

∂x j
−

∂ û j

∂xi

)
, Ŝi j =

1
2

(
∂ ûi

∂x j
+

∂ û j

∂xi

)
(2.55)

This criterion describes the local balance between vortex rotation and vortex stretching into

vorticity magnitude and strain rate, respectively. In hover, this value is also utilised to calculate

the locations of the rotor blade tip vortices vs azimuth. Finally, the non-dimensionalisation of the

Q-criterion value utilised in HMB3 is as follows:

Q̃ = Q
(

Lre f

Vre f

)2

(2.56)

2.5 Performance Analysis

2.5.1 Propeller Theory and Definitions

This section describes the propeller performance coefficients and the advance ratio [132].

Advance Ratio (J):

J =
V
nD

(2.57)

where:

• V is the freestream velocity (m/s),

• n is the propeller rotational speed (revolutions per second),
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• D is the propeller diameter (m).

Thrust Coefficient (CT ):

CT =
T

ρn2D4 (2.58)

where:

• T is the thrust produced by the propeller (N),

• ρ is the air density (kg/m3).

Power Coefficient (CP):

CP =
P

ρn3D5 (2.59)

where:

• P is the power absorbed by the propeller (W).

As the advance ratio J increases:

Thrust Coefficient (CT ): Initially increases, reaches a maximum, and then decreases. This

behavior is due to the changing angle of attack experienced by the propeller blades as the aircraft’s

forward speed increases relative to the rotational speed of the propeller.

Power Coefficient (CP): Generally decreases with increasing J. As the propeller operates

more efficiently at higher advance ratios, less power is required to produce the same amount of

thrust, leading to a decrease in CP.

Propeller efficiency typically increases with J up to a certain point, after which it decreases.

The peak efficiency occurs at an optimal advance ratio, which depends on the propeller design and

operating conditions. Understanding these relationships is crucial for optimising propeller design

and performance across different flight regimes, and designing advanced propulsion systems.

2.5.2 System Performance Analysis

Furthermore, to assess the interference between propellers and lifting surfaces, it is evident that

both components of each configuration cannot be independently evaluated. Thus, an integration
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of relevant forces (Thrust T, drag D) should be employed to comprehensively compare the overall

performance of different configurations.

In Equation (2.60), the overall installed thrust (Tinstall) is calculated by subtracting the drag

(Dlifting surfaces) of the lifting surface and the pylon from the total thrust (Tpropellers) generated by

the propellers.

Tinstall = Tpropellers−Dli f tingsur f ace (2.60)

Subsequently, the overall propulsive efficiency can be simplified, This can be seen in Equation

(2.61). Here, V∞ represents the free-stream velocity, and Pshaft denotes the power required by the

propellers.

η
overall
propulsive =

Tinstall×V∞

Psha f t
(2.61)

Finally, this study will apply the aforementioned equations to evaluate the overall propulsive effi-

ciency of different configurations, ensuring that the lifting surface is trimmed to produce a higher

or the same amount of lift.

2.6 Acoustic Methods

2.6.1 Near-field Acoustics

The present work estimate the tonal acoustics from the resolved pressure fields, computed with

the high-fidelity HMB3 tool. Then, the sound pressure signal is obtained by subtracting the time-

averaged pressure field solution. All CFD grids were made to have at least 20 cells in the near-field

region to capture the target wavelength, which is calculated based on 20 times the BPF (400Hz at

12,000 RPM for two bladed rotor). Moreover, the equivalent of 20 revolutions, and proper time

steps were chosen based on time refinement study. This approach has also been applied to previous

work by Chirico et al. [133, 134], Zhang, and Barakos [135].
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2.6.2 Far-field Acoustics

Directly resolving the far-field acoustics by using the same approach as near-field acoustics is

costly due to the large computational domain, and the fine mesh needed to resolve the adequate

acoustic wave at far-field. This is unaffordable for the present simulations. The Ffowcs Williams-

Hawkings (FW-H) equation [136] therefore should be used to evaluate the far-field acoustics with

significant reduced computational cost but with resonable accuracy.

The coupling of HMB3-HFWH tools was applied with the input of surface pressure fields

computed by HMB3 to efficiently calculate the far-field acoustics. The current work focusses on

the non-porous formulation obtained from Farassat Formulation 1A [137] with a completely ane-

choic condition, by introducing the concept of the retarded time, it solves the thickness noise and

the loading noise in the time domain. Two linear equations are formulated as shown in Equation

2.62 for thickness noise and Equation 2.63 for loading noise.

4πrp′T (x, t) =
∫

fi=0

(
ρ0v̂n

r(1−Mr)2 +
ρ0vnr̂iṀi

r(1−Mr)3 +
ρ0vnc(Mr−M2

i )

r2(1−Mr)3

)
ret

dS, (2.62)

4πrp′L(x, t) =
∫

fi=0

(
lir̂i

cr(1−Mr)2 +
(lir̂i)Ṁi

cr(1−Mr)3 +
lir̂i−Mili

r2(1−Mr)2 +
lir̂i(Mr−M2

i )

r2(1−Mr)3

)
ret

dS. (2.63)

More definitions of the variables used in Equations 2.62 and 2.63 are presented in 2.1.

The current non-porous formulation assumed infinite impedance of solid surfaces and avoided

the integration to ignore the quadrupole sources, thus reducing the computational cost and making

it more efficient, but still maintaining adequate accuracy due to the nature of subsonice flow. The

far-field acoustic prediction method and coupling code have been employed and validated for the

first time for the twin-propeller and synchrophasing cases, as shown in Section 3 and in the joint

publication [88].
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Symbol Variable
c Sound speed (assumed constant at low flow speeds)

fi = 0 The wall surface
p′T Thickness noise received at (x, t)
p′L Loading noise received at (x, t)
ρ0 Free-stream density

li = (p− p0)ni Loading vector, p is the local surface pressure
and p0 is the free-stream pressure

Mi =
vi
c Mach number vector

Mr = Mir̂i Projected Mach number vector in the radiation direction
ri = xi− yi Space vector between receiver and source positions

r̂i =
ri
r Normalized directivity vector

t The receiver time t = τ + |x−y(τ)|
c

x Receiver position
y Emission point on the wall surface at emission time τ

vn Surface normal velocity in tensor form
v̇n Temporal derivative of the surface normal velocity
Ṁi Temporal derivative of the Mach number vector
l̇i Temporal derivative of the loading vector

()ret The formulation is calculated at emission time τ

Table 2.1: Symbols and their corresponding descriptions

2.6.3 Acoustic Analysis

The motivation for this study was to investigate the acoustic impact of distributed propulsion sys-

tems, particularly in the context of eVTOL and future advanced aerial vehicles. These systems,

designed to enhance aerodynamic efficiency, reduce environmental footprint, and more sustain-

able flight, but introduce complex flow interactions that significantly influence noise generation and

propagation. Understanding their acoustic signature is critical to ensuring public acceptance, meet-

ing regulatory noise limits, and guiding the design of quieter, more sustainable next-generation

aircraft. By examining how multiple, spatially distributed rotors affect acoustic signatures, includ-

ing directivity and perceived loudness, results were interpreted accordingly, with specific attention

to the unique noise characteristics introduced by distributed propulsion configurations. The A-

weighted SPL [138] standards is used in an effort to account for the relative loudness perceived by

the human ear, as the ear is less sensitive to low audio frequencies. In general, the human auditory

system perceives sound differently across various frequency bands. Therefore, by averaging ASPL
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within audible frequency bands, the analysis better correlates with how humans perceive sound,

providing a more accurate representation of the overall perceived loudness. To this end, ASPL

are averaged across each of twenty bands, identified by one-third-octaves as listed in Table 2.2

and evaluated with identified specific frequency bands with familiar names. The use of one-third-

octaves to understand how different frequency components contribute to the overall sound can

also aid in targeted noise control and mitigation efforts, leading to more effective noise reduction

strategies.

Table 2.2: 1/3 octave bands and frequencies.

Name Band# Central Frequency (Hz) Range (Hz)

Sub-Bass: 1 50 44.7-56.2

Bass: 2 63 56.2-70.8
3 80 70.8-89.1
4 100 89.1-112
5 125 112-141
6 160 141-178
7 200 178-224

Low Midrange: 8 250 224-282
9 315 282-355
10 400 355-447

Midrange: 11 500 447-562
12 630 562-708
13 800 708-891
14 1000 891-1120
15 1250 1120-1410
16 1600 1410-1780

Upper Midrange: 17 2000 1780-2240
18 2500 2240-2820
19 3150 2820-3550

Presence: 20 4000 3550-4470

In the acoustic analyses, the OSPL and SPL as functions of the sound frequency, f , are given

in equations (2.64) and (2.65). Here pref, is the acoustic reference pressure, equal to 2 · 10−5 Pa.

Human perception is considered by applying the A-weighting filter for the estimation of sound

pressure, as the loudness-corrected weighting Effective Perceived Noise Level (EPNL) [139] is

required. According to acoustic standards [140, 141], the A-weighted SPL (ASPL) is determined
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using equation (2.66), where GA( f ) is the frequency-dependent filter gain defined in equation

2.67.

OSPL( f ) = 20 · log10

(
p
′
rms

pref

)
dB, (2.64)

SPL( f ) = 20 · log10

PSD
(

p
′
)

pref

dB, (2.65)

ASPL = SPL( f )+20 · log10(GA( f ))+2dBA, (2.66)

GA( f ) =
122002 · f 4

( f 2 +20.62)
√
( f 2 +107.72)( f 2 +737.92)( f 2 +122002)

dB, (2.67)
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CFD Validation and Assessment
This chapter has been published as: J. Yin, et al., “Acostic and Aerodynamic

Evaluation of DLR Small-scale Rotor Configurations Within GARTEUR AG26,”

CEAS Aeronautical Journal, (2024) doi: 10.1007/s13272-024-00790-2.

Before carring out the investigation of the distributed rotorcraft propulsion system, it is es-

sential to verify the accuracy of methods and strategies used to resolve the aerodynamics and

acoustics in the isolated, multirotor and installaed propeller/rotor propulsion systems. This chapter

focuses on validating the employed simulation methods, using experimental data from the Folding

Conformal High Lift Propeller (HLP) and the NASA Workshop for Integrated Propeller Prediction

(WIPP) projects, for isolated and installed cases. Additionally, validation for rotor-rotor interac-

tions, following time-step and grid refinement studies was conducted using the GARTEUR Action

Group 26 measurements, to confirm the accuracy of the applied solver in predicting interactional

aerodynamics and acoustics. An assessment of simulation methods, propeller/rotor performance,

and acoustics is also detailed.
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3.1 High Lift Propeller (HLP)

3.1.1 Test Cases Description

In a DP system, it is possible to use smaller propellers compared to those used in a tip-mounted

configuration [142]. Litherland et al. [37] conducted wind tunnel tests on a conformal high-lift

propeller (HLP), which was designed for use with the DP system of the X-57 ”Maxwell” electric

aircraft. The X-57 utilises twelve fixed-pitch, conformal, high-lift propellers mounted on the wing

leading edge to increase lift at low speeds. The conformal design enables the blades to fold into

the nacelles at cruise, reducing drag and performance losses. The experiments recorded the per-

formance of conformal high-lift propellers at various advance ratios and compared it with low and

high order prediction models [61] [143].

This section presents the validation of the conformal/non-conformal HLP. The HLP has five

blades with a radius of 0.288 m, and a pitch angle of 24.1 degrees at 75% of the blade radius.

Advance ratios J from 0.65 to 1.17 were tested with varying RPMs from 4200 to 4800, and flight

velocities from 30 m/s to 54 m/s. The blade was of a constant MH114 aerofoil profile, which was

modified to include a 5.08 ×10−4 m (0.02 inch) thick trailing edge for easier manufacturing. The

modification was achieved by relofting the blade’s upper surface and rotating it back to prevent

changes in the aerofoil chord line. The non-conformal propeller blades were given rake and skew

parameters to become foldable.

The blade geometry was then generated using OpenVSP [144] of NASA using twist, chord,

skew and rake distribution, and its details can be obtained from [37]. In addition to the blade design

function, OpenVSP also provides aerodynamic analyses using low-order methods, including actu-

ator disk models, and vortex lattice methods. In this work, the OpenVSP [37] were used to support

the CFD mesh generation.

The 1/Nb computational domains presented in Figure 3.1 were used for the validation of the

folding conformal HLP. The computational resources were reduced due to the rotating reference

frame, and the periodic domain. Froude conditions were also used by defining a target thrust
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(a) Computation domain.

(b) Blade mesh.

Figure 3.1: Conformal HLP mesh details.
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coefficient, and a source-sink model placed in the centre of the rotor to accelerate the convergence

of simulations.

Table 3.1: Summary of the propeller design and test conditions for the non-conformal HLP [143].

Design parameters:
Radius (m) 0.288
Pitch angle at 0.75R (degrees) 27.4
Number of Blades (-) 5

Design condition:
Rotational velocity (RPM) 4549
Flight velocity (m/s) (Sea Level) 29.84

Design performance:
Thrust (N) 222
Torque (Nm) 21.62
Power (kW) 10.3

3.1.2 Comparison with Numerical and Experimental Data

After preparing the propeller geometry and the CFD grids, the test condition were used defined by

Litherland et al. [37] and are shown in Table 3.1. High performance conditions were selected, com-

parisons between different solvers and propeller designs are shown in Table 3.2. Good correlations

can be found for different propeller designs and numerical methods.

Table 3.2: Comparisons of predicted propeller performance for the non-folding and folding de-
signs [142] using the Overflow [145] and HMB3 [146] CFD solvers.

Propeller Design Overflow HMB3 ∆

Thrust (N)
Non-conformal 222.0 222.2 0.1%
Conformal 217.0 217.6 0.3%
Torque (N.m)
Non-conformal 21.50 22.42 4.2%
Conformal 20.80 21.97 5.6%

In addition to the comparison of the results between different solvers, the validation was

also carried out with the recent folding conformal HLP experimental results [37]. High perfor-

mance take-off and landing conditions are presented in Table 3.3, and used for CFD calculations.
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Furthermore, the HLP was also investigated with a sweep of advance ratios to understand the

performance at different flight conditions.

Table 3.3: Summary of the propeller design and take-off conditions for conformal HLP [37].

Design parameters:
Radius (m) 0.288
Pitch angle at 0.75R (◦ ) 24.1
Number of Blades (-) 5
Blade tip Reynolds number (-) 0.07×106

Design condition:
Blade tip Mach number (-) 0.421
Rotational velocity (RPM) 4800
Flight velocity (m/s) (Sea Level) 29.84

Design performance:
Propeller thrust coefficient (-) 0.238

Figure 3.2: Validation of HMB3 solver for the conformal HLP. Empty symbols represent the re-
spective torque coefficients. (Blade Element Momentum (BEM) and experimental data are from
Litherland et al. [37].)
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The HMB3 CFD solver was used to predict performance, as shown in Figure 3.2. Aero-

dynamic coefficients were compared against the experiments with various advance ratios. Good

agreement can be observed between the HMB3 and experimental results. [37]

3.2 Workshop for Integrated Propeller Prediction (WIPP)

3.2.1 Test Cases Description

In an effort to bridge the knowledge gap in propeller/wing interactions, the wingtip-mounted pro-

peller (WIPP) tests in the Lockheed Martin low-speed wind tunnel (LSWT) were conducted [61].

The test model of the WIPP featured a semi-span wing measuring 1.7 meters (67 inches), and

a wingtip-mounted C-130 propeller scaled at 10% of the actual size. Detailed measurements of

forces and moments were collected at various angles of attack and thrust settings.

Table 3.4: Summary of the grid sizes used for the WIPP cases.

Grid Component Volume Cells (Million)
Background 1.17

Local refinement 5.29
Wing 30.75

Tip propeller 30.32
Total 67.50

To this end, before studying the propeller wing interaction for DP systems, the WIPP case

was compared to verify that HMB3 has the ability to predict associated flows. The geometry

and the computational domain for the WIPP cases [147] is shown in Figure 3.3. In addition, the

mesh size and the employed computational setup are shown in Tables 3.4 and 3.5. Using the

tip-mounted propeller geometry of the WIPP project for the current study, the CFD method was

validated against experimental data [147]. The selected test cases were referenced as Cases 79, and

180 in the experimental report [147], and their conditions are presented in Table 3.5.
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Figure 3.3: Grid topologies employed for the WIPP cases.

Table 3.5: Summary of conditions for Case 180 of WIPP.

Wingtip-mounted propeller:
Pitch angle at 0.7R (degrees) 19.5

Test conditions:
Free-stream Reynolds number (-) 0.08×106

Free-stream Mach number (-) 0.08
Rotational velocity (RPM) 8060

Target performance:
Thrust coefficient (-) 0.4
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3.2.2 Comparison with Experimental Data

The surface pressure coefficients at 2 degrees of wing angle of attack, the surface pressure data

from various extracted locations at BL 60.75 and BL 57 are presented and compared in Figure 3.4.

These locations were chosen, because the BL 60.75 strip is nearest to the impinging propeller tip

vortex, and BL 57 is outside the propeller slipstream. From the sliced surface pressure coefficients,

it can be seen, that the most interesting station is BL 60.75 of Figure 3.4(a), that is directly influ-

enced by the propeller tip vortex. In comparison to BL 57, a significant increase in the suction

peak and stagnation pressure was observed due to the propeller wake.

The difference between the SAS method and the URANS model in capturing pressure near

the trailing edge arises from their respective treatments of turbulence and unsteadiness. In the

present study, the URANS simulations may not resolve the pressure accurately near the trailing

edge, likely due to insufficient mesh resolution or inadequate temporal resolution. Nevertheless,

the URANS method remains accurate and efficient for capturing the average effects of turbulence

in the context of interactional aerodynamics. More analyses involved extracting wing loading,

surface pressure and wake profile data at the highest selected thrust and Mach number conditions.

Using resolved blades, the wake profiles at 0 degrees of wing angle of attack, are compared at

two distances in Figure 3.5. The propeller wakes at distances of +19.95 and +16.45 inches ahead

of the trailing edge of the nacelle are in good agreement with the experimental data. Due to the

unsteadiness of the wake, time averaged CFD results were provided and compared with test data.

The validation studies presented in this section demonstrated that the propeller wake and wing

interaction were accurately predicted, and resolved. More specifically, the AD method accurately

captures the suction on the upper surface and the pressure on the lower surface of the wing, indicat-

ing that this reduced-order approach, with significantly lower computational cost, is promising for

wing performance optimisation. However, the AD method lacks the capability to resolve the vari-

ations in propeller performance across different installation locations. This limitation justifies the

use of high-fidelity HMB3 simulations for accurate prediction and verification of propeller forces,

wing loads, and the associated flow phenomena.
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Figure 3.4: Comparison of the surface pressure results between experiments and CFD, where BL
is the boundary layer position.
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Figure 3.5: Comparison of the wake profiles between experiments and CFD, where the propeller
wakes at distances of +19.95 and +16.45 inches ahead of the trailing edge of the nacelle.
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3.3 GARTEUR AG26 Two Bladed Rotor

3.3.1 Test Cases Description

This section details the CFD grids, and tool validation, for isolated and tandem rotors. For isolated

rotors in axial flight, Figure 3.6 illustrates the single-blade topology. A domain of 1 blade and the

microphone positions used in the DLR acoustic wind tunnel are shown in Figure [73]. Figure 3.7

presents the rotor geometry and grid topology utilised for multi-rotor systems.

Table 3.6: Summary of the grid sizes utilised in tandem configurations for the GARTEUR AG26
DLR 13x7 rotor validation.

Grid Component Million Grid Cells
Rotor 1 4.7
Rotor 2 4.7
Local Refinement 1 0.8
Local Refinement 2 0.8
Near-field 22.0
Far-field 0.8
Total 33.8
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(a) Single blade mesh topology.

(b) Microphones positions.

Figure 3.6: Grids and microphones used for single blade steady simulations of GARTEUR AG26
DLR 13x7 rotor.
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Figure 3.7: Grid topology used for HMB3 simulations of the GARTEUR AG26 multi-rotor cases.
(Black dots represent upstream, interior, and downstream microphones. Pink dots represent a
near-field volume containing a total of 1.8 million extracted pressure sampling points. Here, C
represents the reference length used in the simulation, while D denotes the rotor diameter.)
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3.3.2 Comparison with Experimental Data

First of all, the aerodynamic load results for both isolated and tandem rotor configurations, obtained

using HMB3, are presented in Figure 3.8, along with earlier experimental data from the CIRA/DLR

joint campaign using PIV measurements [89, 84]. The numerical and experimental results show very

good agreement, validating the accuracy of the high-fidelity simulations.

To assess the sensitivity of the obtained performance and of the acoustic results to the mesh,

a convergence study was conducted using axial flight simulations as shown in Figure 3.9 [89, 73, 148].

The computed overall sound pressure level (OSPL) from HMB3 compares well with the measured

data from microphones at various locations, as obtained in the experiments by DLR [74, 85, 86].

The mesh convergence study indicates that the cell size utilised, is sufficient for capturing tonal

noise, except for the area directly under the rotor. Refining the grid in three directions resulted

in improved noise predictions, particularly in the rotor tip region. This highlights the need for

adequate cell spacing, especially in high-speed and wake regions.

This study also utilised the 13x7 DLR rotor [74] tests at cruise conditions. Flow visualisation

(top and side views) reveals that the wake of the isolated rotor in edge-wise flight is well-resolved,

see Figure 3.10. A time step convergence study was conducted, as depicted in Figures 3.10. Noise

directivity was directly extracted from the HMB3 results, and compared with the experiments. The

results suggest that a time step of 1 degree per step yields a similar sound pressure level (SPL) as

the 2 degree per step. The 1-degree simulation predicted a slightly higher SPL at 12,000 rpm.

The time step sizes applied in this work were deemed sufficient to capture the noise directivity at

different flight speeds and conditions. The agreement between simulation and experiments further

confirms the reliability of the numerical approach in predicting the acoustics of these high-RPM

rotors.

For the tandem configurations, the size and topology of the grids are presented in Table 5.2,

and Figure 3.7, whereas Figure 3.11 shows the validation results cross-plotted with experiments

[73].

The agreement between the simulations and experiments confirms the accuracy and relia-
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(a) Full test rig and microphone setup installed in the AWB’s section.

(b) Aerodynamic loads.

Figure 3.8: Comparison of the isolated and tandem vertical offset DLR 13x7 rotor performance
predicted by the HMB3 solver and measured in the DLR AWB wind tunnel. [87]
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(a) Wake visualisation.

(b) OSPL comparison.

(c) Microphone 9.

Figure 3.9: Validation of DLR 13x7 isolated in hover flight. (a) Wake visualisation of isolated rotor
at 12,000 RPM. (b) and (c) Acoustic validation of isolated rotor with multiple grid resolutions in
hover flight at 12,000 RPM, compared with data from [87]
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(a) Wake visualisation in edge-wise flight.

(b) OSPL in edge-wise flight, µ = 0.109.

(c) OSPL in edge-wise flight, µ = 0.073.

Figure 3.10: Validation of DLR 13x7 isolated in edge-wise flight. (a) Wake visualisation of isolated
rotor at µ = 0.109. (b) and (c) Time step refinement study in edgewise forward flight at 15 m/s and
8,000 to 12,000 RPM, compared with data from [73].
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bility of the HMB3 CFD method in predicting the aerodynamic performance and acoustics of the

isolated and multirotor systems. Verification results, shown in Figures 3.9 (b) and 3.10 (c), suggest

that the isolated rotor, in hover and edgewise flight, at the same RPM exhibits a consistent noise

directivity pattern. An increase in RPM, as illustrated by the comparison between Figures 3.10

(b) and (c), does not alter the directivity pattern, but results in a higher SPL. The spectrum shown

in Figure 3.9 (c) highlights the harmonic frequencies associated with the BPF at 400 Hz, the half

BPF SPL observed in the experiment is likely caused by factors such as uneven blade spacing, non-

uniform inflow, unbalanced blades, nonlinear flow interactions, and even motor noise. However,

in our simulations, the half BPF primarily results from the finer frequency resolution of the FFT,

achieved by increasing the number of samples or extending the sampling period. This improved

resolution enables us to capture nonlinear noise contributions, such as those caused by blade vortex

shedding and similar effects. In conclusion, the findings suggest that neither flight condition, nor

the RPM significantly affect the noise directivity pattern; instead, they primarily influence the SPL.

For the tandem rotor with a vertical offset in hover flight, an asymmetric directivity pattern

from left to right is shown in Figure 3.11 (b). Additionally, the harmonic frequency matches

the BPF of 267 Hz, as shown in Figure 3.11 (c), indicating that the harmonic frequency remains

unaffected by the tandem offset configuration.
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(a) Wake visualisation in hover flight.

(b) OSPL comparison.

(c) Microphone 6.

Figure 3.11: Validation of DLR 13x7 tandem rotor. (a) Wake visualisation of tandem offset rotor in
hover flight at 8,000 RPM. (b) and (c) Acoustic validation of tandem vertical offset configuration
in hover flight at 8,000 RPM, compared with data from [87]
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3.4 GARTEUR AG26 Three Bladed Propeller (synchrophas-

ing)

As part of the GARTEUR group activities, CIRA and the University of Cusano carried out a joint

experimental campaign investigating twin propellers in hover [149], while researchers from the

University of Glasgow conducted corresponding numerical simulations using the same setup. This

activity evaluated the effect of propeller separation distance, the phase angle, and the sense of rota-

tion on the performance and acoustic properties. Different from the work conducted by NASA [78],

this activity applied the 3-bladed propeller, which adds to the complexity of the synchrophasing

study due to the increased aerodynamic/acoustic interactions. To this end, this work for the first

time carried out the assessment of synchrophasing via multi-fidelity methods, including analytical

methods, HMB3-FWH, and compared it with the experimental data [149].

3.4.1 Test Cases Description

The acoustic measurements were conducted in a semi-anechoic chamber as shown in Figure 3.12,

and the test detail is given in Table 3.7. The microphone locations are visualised in Figure 3.13,

where the red microphones in the vertical plane are representing the measurement locations used

in the CIRA-CUSANO experiment campaign and the rotation plane microphones represented by

the blue dots are calculated using the analytical methods. Finally, both vertical and rotation planes

are examined using hybrid methods, HMB3-FWH.

3.4.2 Comparison with Experimental Data

The flow of the CIRA-CUSANO isolated propeller at hover condition with 5200 rpm is visualised

in the Figure 3.14. Loads are cross-plotted between the measurement and predicted solution at a

sweep of RPMs, showing that HMB3 solutions are within the error bar of the experimental mea-

surements for both isolated and twin propeller configurations with 1.02d separation distance. The

load history also shows that smaller propeller separations have stronger load fluctuations compared
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Figure 3.12: Experimental setups in the anechoic chamber of Uni Cusano.

with the larger propeller separation distances. In addition, increasing the separation distance, the

fluctuation of loads history is reduced. Compared to the isolated propeller, a performance drop is

seen for both twin propeller cases with different separation distances.
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Table 3.7: Summary of the test condition used for GARTEUR AG26 CIRA 3-bladed rotor used in
the study of far-field noise.

Condition Hover (0m/s)
Radius 0.197 m
RPM 5200
Blade tip Mach number 0.312
Number of Microphones 36 with azimuth range 0◦ ∼ 360◦

Coordinates Vertical and rotation plane
Distance 5D

Configuration :
Isolated -
Twin ∆x = 1.02d, ∆y = 0, ∆z = 0
Twin ∆x = 1.10d, ∆y = 0, ∆z = 0

Rotation :
Co-rotating Counterclockwise

Sychrophasing :
De-phased angles studied 0◦ & 60◦ & 90◦

Table 3.8: Comparison of the experiment, HMB3 FWH, and analytical methods regarding the
acoustic directivity in the rotation plane at different propeller separation distances and phase delay
angles.

case ∆ Exp ∆ HMB3-FWH Trend

Azimuth 0:
1.02d Phase0 baseline baseline -
1.10d Phase0 -5.6% -3.7% same

Azimuth 180:
1.02d Phase0 baseline baseline -
1.10d Phase0 -5.1% -0.7% same
1.10d Phase60 +4.9% +4.1% same

The effect of the noise emissions due to the change of the propeller separation distance and

phase delay at different locations is reported in Table 3.8. The baseline noise levels are set as

the 1.02d with phase 0 case. Results from experiments and HMB3-FWH predictions at azimuth

0 show similar trends, both with noise reduction by increasing the propeller separation distance.

A similar trend from both methods is also observed at azimuth 180. Both blades are in phase in

the 60 ◦ phase delay case, where the increased noise level is obtained via both experiments and

HMB3-FWH results.
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Figure 3.13: The position of microphones.
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(a) Flow visualisation.

(b) loads.

(c) CT history.

Figure 3.14: Validation of aerodynamic performance for GARTEUR AG26 CIRA three-bladed
propeller.
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3.5 Chapter Summary

Based on the presented results, the wingtip mounted propeller geometry from the WIPP project

was simulated using CFD methods, and was compared with experimental data. A combination of

resolved blade models and actuator disk models were employed in the CFD. The surface pressure

coefficients, at wing stations, were found to be in good agreement between the CFD and experi-

mental data. The resolved blade models captured better of the wake effect across the wing, while

the SAS method captured more of the wake downstream. However, the actuator disk models failed

to capture unsteady effects, but were able to provide the average slipstream.

In addition, this work conducted CFD simulations of propellers in isolated and tandem con-

figurations, comparing them with the experimental database acquired during the development of

the X-57 ’Maxwell’ electric aircraft, and from the GARTEUR AG 26 work. The results demon-

strated that the simulation methods employed in this study captured the performance and associated

flow phenomena, and the strong rotor-wing, rotor-rotor interactions.

Through validation studies, it was observed that neither flight conditions nor RPM, signifi-

cantly changed the noise directivity pattern; instead, they primarily influenced the SPL. Spectrum

analysis further revealed that the sound frequencies remained consistent with the BPF when tran-

sitioning from the isolated rotor to the tandem offset configuration.

The feasibility of the hybrid HMB3-FWH method in the acoustic prediction is further val-

idated for the three-bladed propeller. Current work showing hybrid methods shows very good

agreement at different propeller separation distances and sychrophasing angles. Increasing the

propeller separation distance and moving the propeller out of phase tends to reduce the noise emis-

sions.
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Chapter 4

Distributed Propulsion
This chapter has been published as: Geng Qiao, Tao Zhang, George Barakos.,

“Numerical Simulation of Distributed Propulsion Systems Using CFD,” Aerospace

Science and Technology, (2024) doi: 2024.109011

Following the validation of the CFD method isolated (HLP), multirotor (GARTEUR AG26),

and installed (WIPP) configurations. This chapter presents on investigation of the Distributed

Propulsion (DP) concept, along with CFD verification, optimisation, and evaluation. This work

started from examining the single and multiple installed auxiliary propellers using the actuator

disk method to understand the variation of the wing performance due to the propeller installation

with significant reduced complexity and cost. By approaching the optimum propeller installed

location, fully resolved simulations were carried out to examine the installed propeller configura-

tions to identify individual and overall performance differences based on their position relative to

a lifting wing and compared with conventional tractor configuration. Following this, one, two, and

three propellers were installed, and simulated to examine the performance of different distributed

propulsion systems.
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CHAPTER 4. DISTRIBUTED PROPULSION

4.1 Propeller location optimisation

4.1.1 Single auxiliary propeller

An optimised DP system was studied using the actuator disk method, and a Kriging model [150],

based on the WIPP geometry. The smaller propellers were scaled to match the overall size of the

X-57. The initial study focused on positioning a single propeller to maximise the lift-to-drag ratio

of the wing. The effectiveness of the auxiliary propeller was evaluated at nine locations along the

wingspan, and above/below the wing [151].

Figure 4.1, shows the results for the lift-to-drag ratio across the examined region. The pro-

peller positioned above the wing yields the highest lift-to-drag ratio over the nine positions anal-

ysed. This agrees with trends reported in the literature [51, 52], and is a result of the acceleration

of the flow over the upper surface of the wing, which increases the suction. Placing the propeller

at the highest position above the wing, reduced the drag force acting on the wing by preventing

the wake from fully impacting on the wing. Relocating the propeller below the wing would also

decrease the drag, but would not cause flow acceleration over the suction side, thus diminishing the

lift increment. It was found that there is minimal disparity between the three span-wise locations

tested across all vertical heights.

Figure 4.1: Optimisation for a single propeller.
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4.1.2 Multiple auxiliary propellers

Subsequent computations concentrated on the overall performance of the complete DP setup and

how the placement of propellers affected it, as illustrated in Figure 4.2(a). The propeller parameters

and the operating conditions for the current study are given in Table 4.1. The six auxiliary pro-

pellers were uniformly distributed across the wingspan, and situated ahead of the wing’s leading-

edge at a minimum distance of 0.04 m. This corresponds to the tip chord length of the wingtip

propeller, as represented by the dash-dot line in Figure 4.2(a). The distributed propellers were

relocated to different positions, as illustrated by the red points in Figure 4.2(a). The corresponding

performance changes were evaluated through CFD calculations. Kriging response surfaces were

then constructed based on the variation of locations in wing chord-wise and vertical directions, and

respective CFD results to analyse the performance alterations cased by the propeller placements.

Table 4.1: Parameters and operating conditions of the DP configuration employed in the optimisa-
tion using the actuator disk method.

Free-stream velocity 27.22 m/s
Angle of attack 2.09 degrees

Tip-mounted propeller:
Propeller CT , CQ 0.038, 0.0098

Auxiliary propellers :
RAP 0.0782 m
RT P 0.2058 m

RAP/RT P 0.38
Propeller CT , CQ 0.015, 0.004

Formation Even distribution along wing span

All six propellers were relocated to different positions while maintaining their relative posi-

tions to each other. Figure 4.2(b) illustrates the range of the studied propeller positions at a wing

section. The parametric investigation included alterations in position along the x- and z-directions.

The longitudinal and vertical displacements, with respect to the initial configuration, were nor-

malised using the auxiliary blade radius (RAP) which is scaled based on the WIPP experimental

size. A total of fifteen sampling points were examined, which included the initial baseline posi-

tion. Each instance was designated by a coordinate, representing its displacement from the initial
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(a) Illustration of the studied DP configuration and the sampling propeller positions.
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(b) Investigated range of the propeller positions at a wing section. The x and z changes were normalised using the
auxiliary propeller radius RAP based on the WIPP wind tunnel scale. The grey area represents the boundaries of the
propeller disk.

Figure 4.2: Locations of the actuator disks around the wing.
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location, as shown in Figure 4.2(b).

It is important to note that the span-wise positions of the propellers could not be changed

due to geometric limitations. As shown 4.1.1, for a single propeller, positioning it below the wing

would not enhance the overall performance. As a result, the current sampling sets concentrated on

positions above the wing, and along the stream-wise directions.

In reduced order simulations from this section, all propellers were modeled using actuator

disks. Figures 4.3(a) to 4.3(c) present the surface pressure solutions of three tested configurations,

including the baseline configuration with only the tip-mounted propeller. Subsequent analyses

were focused on the performance variations relative to the baseline scenario. The distributed aux-

iliary propellers were assigned sequential numbers ranging from 0 to 5, from the outboard to the

inboard direction. It was observed that the introduction of distributed propellers, and their place-

ments, caused differences in the flow patterns. In the baseline solution, there was a single section

of high suction pressure (indicated by dark blue) downstream the tip propeller, which remained

consistent in all other cases. However, the installation of the auxiliary propellers increased the

suction pressure towards the leading edge of the wing, compared to the baseline. In particular, for

the (2, 1.5) configuration, the amplified suction pressure on the upper surface of the wing was more

pronounced, with the influence of disks 2 and 3 extending close to the mid-chord region.

The alterations in wing lift and drag due to the changes in position of the distributed pro-

pellers are presented in Figures 4.4(a) and 4.4(b). The lift and drag alterations were standardised by

the corresponding values of the baseline configuration, where only the tip-mounted propeller was

used. With respect to lift, the installation of distributed propellers increased the wing lift across

the entire range of positions examined. The highest lift augmentation, which was approximately

15%, was achieved when the propellers were placed in front of the wing, or close to the trailing

edge and above the wing. On the other hand, the lowest lift increment, which was around 3%,

occurred when the propellers were located further upstream, and considerably above the wing,

where the wing could barely benefit from the propeller slipstream. The wing experienced a rise in

drag(Dli f tingsur f ace in equation 2.60) of around 35% together with the lift increase when the pro-

pellers were positioned in front of the leading edge. Conversely, when the propellers were placed
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(a) Baseline configuration without auxiliary propellers.

(b) Case (0, 0).

(c) Case (2, 1.5).

Figure 4.3: Surface pressure comparisons between the baseline configuration, the lowest L/D con-
figuration case (0, 0), and the highest L/D configuration case (2, 1.5). The distributed auxiliary
propellers were numbered from 0 to 5 from the wing tip to root.
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above the wing near the middle chord (such as in Case (2, 1.5)), the wing drag was reduced by

roughly 35%, while the lift was augmented by approximately 12%.

Figure 4.4(c) further presents variations of the wing lift-to-drag ratio brought in by the pro-

peller position changes. As expected in Figures 4.4(a) and 4.4(b), the overall wing efficiency was

reduced, when the propellers were placed upstream of the wing. Case (0, 0) (see Figure 4.2(b))

shows the largest lift-to-drag ratio reduction of about 10% compared to the baseline case. As the

propellers were moved downstream, and placed above the wing, the wing efficiency was increased

due to the increased lift and reduced drag as shown in Figures 4.4(a)(b). Case (2, 1.5), of Figure

4.2(b), showed the maximum lift-to-drag ratio increase of about 80% compared to the baseline

case within the range studied.

Further comparisons between the baseline case, the most and least efficient configurations

(Cases (0, 0) and (2, 1.5) of Figure 4.2(b)) among the tested sampling set were conducted to

understand the differences. Figure 4.5 shows the sectional surface pressure distribution of the

wing, at a slice passing through the innermost propeller disk (disk 5 of Figure 4.3(b)).

Compared to the baseline case, the pressure distribution of Case (0, 0) with the propellers

in front of the wing leading edge showing decreased pressure on the suction side, and increased

pressure on the pressure side, resulting in an overall increase in lift and drag. This effect is similar

to increasing the free-stream velocity for the wing section. In contrast, for Case (2, 1.5) where the

propellers were placed above the wing near the middle chord, the wing leading-edge suction was

enhanced upstream of the propeller, and the pressure was slightly recovered through the propeller

disk. These changes led to reductions in drag, and increases in lift, although the lift increment was

less significant than that observed for Case (0, 0).

The sectional pressure force vectors presented in Figure 4.5 illustrate the surface pressure

differences, and the impact on the forces for the three cases. In comparison to the baseline case

without distributed propellers, both the Case (0, 0) tractor and Case (2, 1.5) OTW configurations

clearly tilt the resultant pressure force vector forward, effectively increasing the angle of attack

(AoA). Among these, the over-the-wing (OTW) configuration exhibits the largest increase in effec-
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(a) Lift variations.
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(b) Drag variations.
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(c) Lift-to-drag ratio variations.

Figure 4.4: Wing lift, drag, and lift-to-drag ratio variations due to position changes of the dis-
tributed propellers. The x and z changes were normalised using the auxiliary propeller radius RAP
based on the WIPP wind tunnel scale. The lift and drag changes were normalised using the baseline
values from Case (0, 0). The grey area represents the boundaries of the propeller disk.
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Figure 4.5: Sectional Cp distributions and pressure force vectors comparing the baseline case
(clean wing), lowest L/D case (Case (0, 0), and highest L/D case (Case (2, 1.5)). The wing section
through the inner-most auxiliary propeller (disk 5) is shown.
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tive AoA, though this effect is primarily confined to the upper surface. Additionally, the pressure

force vectors in the stagnation region, responsible for drag, are significantly amplified in the tractor

configuration but substantially reduced in the OTW configuration. Overall, these findings suggest

that the installed configurations enhance the effective AoA, leading to increased lift generation.

However, in the OTW configuration, the reduced momentum injection near the leading edge helps

to lower drag, thereby improving the lift-to-drag (L/D) ratio.

4.2 Single Propeller Installation Verification

In the preceding section on optimisation, the reduced-order method was utilised to approximately

locate the optimal position of the distributed propellers. Nevertheless, the actuator disc method

failed to capture the unsteadiness and swirling motion of the actual propeller wake, which impacts

to the propulsion system. In addition, the performance of the propulsion system changes due to

different installation effects. Furthermore, additional surfaces from nacelle and pylon structures,

will also have impact on the propulsion system. Therefore, additional verification cases utilising

high-fidelity methods 2.1 were carried out; see section 4.2. These investigations should include a

single isolated propeller, installed tractor propeller, OTW and OTW with pylon configurations as

shown in Figure 4.6. The condition investigated across all cases is shown in Table 4.2, and the

employed grid topology and size are presented in Figure 4.7, and Table 4.3.

Table 4.2: Summary of the computational setup for distributed propellers

Freestream Reynolds number (-) 0.2×106

Freestream Mach number (-) 0.08
Rotational velocity (RPM) 4800
Pitch angle at 0.7R (degrees) 27.52

Verification studies using high-fidelity methods covered the baseline of the isolated HLP,

installed in tractor, OTW, and pylon installed OTW configurations, as shown in Figure 4.8. All

configurations were tested under identical conditions, including free-stream velocity, propeller

pitch angle, angle of attack of the lifting surface, and propeller rotational speed. Installing the
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Figure 4.6: Schematic of tractor and OTW configurations, and the OTW configuration with pylon
installed. A full scale of X-57 aircraft with Rpropeller equal to 0.288m and its corresponding lifting
surface, are used in all verification cases.

Table 4.3: Summary of the grid size for single, installed, HLP; see Figure 4.7 for the mesh topol-
ogy.

Grid Component Volume Cells (Million)
Background 2.3

Lifting surface 44.5
Spinner 5.7

Distributed propeller 13.5
Total 66.0

propeller in front of the leading edge, a higher pressure region can be found after the propeller.

The pressure recovered earlier compared to the isolated propeller and OTW configurations due to

the swirl recovery from the wing and stagnation. In addition, placing the propeller OTW, further

accelerates the flow along the upper surface of the lifting wing, and a higher suction region is

formed. However, in the OTW configuration, the accelerated local flow increases the effective
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Figure 4.7: Chimera grid, and topology used for installed configurations.

105



CHAPTER 4. DISTRIBUTED PROPULSION

advance ratio or effective angle of attack, thereby imposing additional loading on the propeller.

Moreover, there is no swirl recovery effect from the lifting surface.

(a) Isolated high lift propeller. (b) Tractor configuration.

(c) OTW configuration. (d) OTW configuration with pylon installed.

Figure 4.8: Isolated and installed propeller wake visualisation using iso-surfaces of Q-criteria at a
value of 0.1, colored using pressure coefficient for different configurations.

At high loading and at an advance ratio (µ) of 0.19, it was discovered that the interactions

between the propeller and the lifting surface had a much greater impact on the local performance

of the lifting surface. Under identical conditions, the OTW configuration experienced an increment

of around 1.3% in lift, and roughly 294% in lift-to-drag ratio compared to the tractor configuration,

due to the drag reduction. This decrease in drag is clearly visible in Figures 4.9 and 4.10, as the
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(a) Isolated wing.

(b) Tractor configuration.

(c) OTW configuration.

Figure 4.9: Instantaneous axial flow speed (normalised using the far-field speed) for different
configurations.
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(a) Isolated Wing.

(b) Tractor configuration.

(c) OTW configuration.

Figure 4.10: Extracted pressure coefficient distributions on the wing for the baseline, tractor and
OTW configurations.
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Table 4.4: Performance comparison of single-propeller, installed, propulsion systems with multiple
configurations. The definitions of the coefficients are given in the nomenclature and Section 2.5.2.

Performance (RPM=4800) Clean lifting surface Tractor OTW OTW+Pylon
Benefit
OTW

Benefit
OTW+Pylon

Lift (N) 591 582 590 605 +1.3% +3.9%
Drag (N) 9.3 38.3 9.8 17.3 -74.4% -54.8%
L/D (-) 63.5 15.2 60.0 35.0 +294% +130%
Thrust (N) - 257 238 241 -7.4% -6.2%
Power (kW) - 12.60 12.50 12.58 -0.8% -0.2%
Propeller Froude efficiency (-) - 0.56 0.52 0.53 -6.4% -5.8%
Overall propulsive efficiency (-) - 0.476 0.502 0.489 +5.5% +2.7%

OTW configuration displayed a higher suction peak and pressure recovery compared to the tractor

configuration. On the other hand, the tractor configuration exhibited a more significant suction

peak downstream of the propeller close to the trailing edge of the wing from the Figure 4.10(b), as

the velocity from the upper surface had increased significantly to over double the freestream ve-

locity due to the propeller slipstream as shown in the Figure 4.9, and the pressure failed to recover

as in the OTW configuration. Additionally, on the lower surfaces, the tractor configuration was

significantly affected by the slipstream from the propeller and resulted in the formation of a high

pressure gradient in the chord-wise direction. As shown in Table 4.4, the propeller performance

of the OTW configuration dropped by 6.4% due to the thrust penalties. However, due to the great

benefit from the lifting surface, the overall propulsive efficiency has increased by 5.5%.

Similar benefits can also be found in the OTW configuration with pylon installed. Trimmed

results showed that 3.9% more lift has been generated, and the benefit of the lift-to-drag ratio

was 130%, as the drag increased due to the pylon structure. In addition, propeller performance

benefited slightly by the installed pylon structure in the OTW configuration which has a swirl

recovery effect. Nevertheless, the overall aerodynamic performance of the OTW configuration

with/with-out pylon installed was increased.

Furthermore, compared to the clean lifting surface, the tractor configuration maintains a

similar level of lift; however, the lift-to-drag ratio (L/D) is significantly reduced due to increased

drag. In contrast, the OTW configuration preserves both lift and L/D relative to the clean lifting

surface case under the tested conditions.

109



CHAPTER 4. DISTRIBUTED PROPULSION

Regarding the influence of the aerofoil shape, especially in the OTW configuration, it ap-

pears that the region from the leading edge to the mid-chord is primarily affected by the propeller,

equivalent to an increase in the effective angle of attack. Additionally, a separation region is ob-

served near the trailing edge, suggesting that modifications to the trailing edge shape, thickness,

and length could lead to further performance improvements.

4.3 Multiple Propeller Installation Verification

This section presents further investigations into different DP systems with multiple propellers in-

stalled. The setups for these propulsion systems are given in Figure 4.11. The installed HLP

was previously validated in Section 3 [151], and the lifting surface was extracted from the NASA

X-57 cruise-efficient wing, which has also been used in previous WIPP studies [152]. Given the in-

creased complexity of the aerodynamic interactions with increased number of installed propellers,

this work has also investigated multi-rotor validation cases, see section 3.3 [148]. With confidence

in using the same CFD tools, and grid resolution, from the validation studies, the work focused on

studying the aerodynamic performance of distributed tractor and OTW propulsion systems at the

optimised propeller locations in full scale.

The investigation of DP systems started with assessing the performance of the tractor and

OTW configurations with two propellers installed. The setup and the corresponding flow field are

depicted in Figures 4.11(a) and 4.13. Aerodynamic loads from the overall propulsion system, and

their individual components are presented in Table 4.5 and Figure 4.14 (b). Both configurations

were trimmed by adjusting the wing angle of attack to generate the same lift, and the results indi-

cate a drag reduction and the lift-to-drag ratio is increased from 15.74 in the tractor configuration

to 30.2 for the OTW configuration. The propeller performance drops in the OTW configuration

due to the thrust reduction being higher than the power reduction. Together with considering the

wing performance using the equation ηoverall
propulsive =

Tinstall×V∞

Psha f t
, also provided in the section 2.5.2, the

overall propulsive efficiency has increased from 0.487 to 0.505, which is almost 4% higher than

the tractor propulsion system.
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(a) Two-propeller, installed, propulsion system.

(b) Three-propeller, installed, propulsion system.

Figure 4.11: Illustration of the investigated DP systems with multiple propellers installed. A full
scale of X-57 aircraft with Rpropeller equal to 0.288m and its corresponding lifting surface, are used
in all verification cases.
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(a) Visualisation of vorticity magnitude of single propeller, installed, OTW
configuration at µ = 0.19.

(b) Visualisation of vorticity magnitude of distributed, OTW configuration at
µ = 0.23.

Figure 4.12: Visualisation of vorticity magnitude of single propeller installed, and distributed OTW
configurations at equivalent thrust conditions.
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Furthermore, by distributing the thrust from single to two propellers, the vorticity magnitude

shown in Figure 4.12 demonstrates a significant reduction in vorticity. This results in a lower tip

speed for the DP system, which is important as the propeller/rotor performance and noise are

highly dependent on the tip speed.

This work demonstrated that the single and two-propeller installed OTW configuration out-

performs the conventional tractor configuration. However, a study conducted by Reynard et al. [49]

found 1.5% drop in performance for the middle propeller when adjacent propellers were separated

by 5% R. To this end, the current work carried out the investigation of three-propeller tractor and

OTW configurations with a 40% R separation distance between adjacent propellers to reduce the

strong aerodynamic interactions caused by adjacent propellers in close proximity. Propellers 1 and

3, visualised in Figure 4.11, exhibited identical performance. However, Propeller 2, that is located

most inboard, showed almost 1% better efficiency than the other two propellers. This performance

difference, under the same separation distance, RPM, and rotation direction for all three propellers,

was not observed in the two-propeller OTW configuration. This discrepancy may be attributed to

the tapered lifting surface, which was extracted from the X-57 cruise-efficient wing. The findings

obtained suggest that the OTW configuration can be further optimised, such as the chord length

from the wing design, since the installed OTW propeller accelerated flow from the upper surface,

which avoids or delays the flow separation and increases the wing performance. Furthermore, the

equivalent three-propeller tractor configuration with the same lift generation was also investigated;

a comparison of propeller performance at different locations revealed that propellers at locations

1, 2, and 3 showed identical performance. Therefore, the propeller performance from tractor con-

figuration does not appear to be sensitive to the tapered lifting surface. Furthermore, as shown in

Figure 4.14(c), the performance benefits of the OTWDP system are maintained when compared to

the equivalent tractor configuration with the same lift generation.

With the optimal OTW DP system in place, further investigation incorporated a third pro-

peller as shown in Figure 4.11(b) and compared its performance with a one- and two-propeller

OTW configuration, as presented in Table 4.6, and Figure 4.14. Flow field visualisation of two-

and three-propeller, installed tractor and OTW DP systems coloured using velocity are presented in
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(a) Conventional tractor configuration. (b) Tractor, DP system.

(c) OTW configuration. (d) OTWDP system.

Figure 4.13: Flow visualisation of distributed tractor and OTW configurations at µ = 0.42 using
iso-surfaces of Q-criteria at a value of 0.01, coloured using axial velocity.

Table 4.5: Performance comparison of different two-propeller, installed, DP configurations. The
definitions of the coefficients are given in the nomenclature and Section 2.5.2.

Performance (RPM=3900) Tractor OTW Benefit of OTW
Lift (N) 1140 1149 +0.7%
L/D (-) 15.74 30.20 +92%
Thrust (N) 308 273 -11.3%
Power (kW) 13.3 12.8 -3.8%
Propeller Froude efficiency (-) 0.64 0.59 -7.8%
Overall propulsive efficiency (-) 0.487 0.505 +3.8%

Figures 4.13. The results demonstrate distinct aerodynamic interaction mechanisms arising from

different propeller installation configurations. The number of installed propellers also increases

the complexity of interference effects. However, the configuration designed with a 1.2D propeller

spacing yields a consistent propeller wake tube, where the resulting slipstream significantly influ-

ences the lifting surface positioned downstream or beneath the propellers.
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Table 4.6: Performance comparison of different OTWDP configurations. The definitions of the
coefficients are given in the nomenclature and Section 2.5.2.

Performance One-prop Two-prop Three-prop Benefit
DP (2-3)

Benefit
DP (1-3)

Lift (N) 1010 1083 1096 +1.2% +8.5%
L/D (-) 24.4 35 38 +7.6% +55.7%
Thrust (N) 240 273 353 +29.0% +47.1%
Power (kW) 12.50 12.8 16.1 +25.8% +28.8%
Propeller Froude efficiency (-) 0.527 0.586 0.602 +2.6% +14.2%
Overall propulsive efficiency (-) 0.437 0.520 0.552 +6.2% +26.3%

(a) Performance of single-propeller, installed, propulsion
systems at RPM = 4800.

(b) Performance of two-propeller, installed, propulsion
systems at RPM = 3900.

(c) Performance of three-propeller, installed, propulsion
systems at RPM = 3700.

(d) Performance of OTW propulsion systems with
different numbers of installed propellers.

Figure 4.14: Comparisons of tractor and OTW configurations with single, two- and three-propeller,
propulsion systems.

As indicated in Figure 4.14(d), compared to the two-propeller case, the three-propeller case

generates more thrust than required power, resulting in a 2.6% higher propeller efficiency. Since the

larger upper lifting surface area is affected by the slipstream of the three-propeller configuration,

there is 1.2% improvement in lift and a 7.6% increment in the L/D of the lifting surface. Fur-
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thermore, there is an overall improvement in propulsive efficiency by 6.2% for the three-propeller

configuration.

When transitioning from a single-propeller to a three-propeller, installed DP system, as

shown in Figure 4.14(d), it was observed that the propellers become 14.2% more efficient. The

L/D of the wing also increased by 55.7%, resulting in an additional 8.5% lift generation and 30.2%

of drag reduction. In terms of overall efficiency, the three-propeller OTW configuration is 26.3%

more efficient than the single-propeller installed OTW configuration, demonstrating the capability

of a DP system to enhance the overall wing performance.

4.4 Chapter Summary

Based on the location optimisation study of the DP and the performance evaluation of DP systems

using the high-fidelity method, the following conclusions can be drawn.

A single auxiliary propeller was evaluated to determine its optimal vertical and horizontal

propeller positioning ahead of the wing. The findings revealed that an auxiliary propeller posi-

tioned above the wing, improved the overall wing lift-to-drag ratio. This was because it decreased

the stagnation area at the leading edge of the wing, and increased the velocity across the upper

surface, resulting in higher suction. On the other hand, the horizontal position had minimal impact

on performance.

Using the same configuration as the X-57, the positioning of six auxiliary propellers was

evaluated using Kriging at the optimisation stage. A variety of lateral and vertical positions were

examined. A total of 15 sampling points were utilised, with the optimal position found above the

wing, and close to the mid-chord. This position resulted in increased suction across the upper

surface of the wing, with the increase extending to mid-chord. This suggests that the distributed

propeller configuration enhanced the overall lift, and reduced the drag below the baseline case by

shifting the propeller from the leading edge of the wing to a better position.

In the fully resolved verification section, the conformal HLP from the X-57 aircraft was

utilised to assess the tractor and OTW configurations, under high-performance take-off conditions.
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The propeller in the OTW configuration experienced a performance drop of approximately 6.4%

compared to the conventional tractor configuration. However, the optimised OTW configuration

exhibited superior performance, demonstrating a 1.3% improvement in lift and a 294% increment

in L/D. When considering integrated performance, the optimised OTW configuration outperformed

the conventional tractor configuration by 5.5%

Additional investigations included the pylon structure effect in the OTW configuration, re-

vealing that the pylon created more drag due to the additional surfaces. Nevertheless, the pylon

retained the performance benefits in overall propulsive efficiency and lift generation. Further eval-

uations investigated a second propeller, demonstrating that the optimised OTW configuration led to

an almost 4% improvement in overall propulsive efficiency, compared to the conventional propul-

sion configuration at the same lift.

In the future, the findings of this work can support wing design by employing the AD method

to investigate aerofoil shape effects, as the leading-edge suction induced by inflow is successfully

captured and verified against high-fidelity simulations. Furthermore, incorporating weight con-

straints and mass distribution effects associated with multiple mounted propellers will be essential

for developing an optimal distributed propulsion system for future aircraft applications.
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Chapter 5

Wingtip Mounted Propulsion System and

Distributed Propulsion (TMP-DP)
This chapter has been published as: Geng Qiao, George Barakos, “Aerody-

namic Study of Wingtip-mounted Propeller and Distributed Propulsion System,”

The Aeronautical Journal, (2025) doi: 10.1017/aer.2025.36

This chapter explores the potential of employing distributed propulsion systems with multi-

ple propellers and a full wing for advanced vehicle designs. Distributed propulsion systems create

complex interactional flow effects, that remain largely unexplored and not fully understood. This

chapter focuses on high-fidelity aerodynamic analyses of a tip-mounted propeller combined with

over-the-wing propellers. Different configurations were tested using fully resolved simulations

with the HMB3 CFD solver. Four configurations were proposed based on the design of TMP-only

and TMP-DP with varying RPM, tip speed, thrust setting, and pitch angles. Following the pro-

posed designs, a systematic analysis was conducted of individual, overall performance and their

associated interactional aerodynamics.
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5.1 Distributed propulsion

With the CFD method validated, the investigation of the distributed propulsion system was con-

ducted using the Workshop for Integrated Propeller Prediction (WIPP) geometry and the HLP. The

flow visualisation of the OTW-DP propulsion system is presented in Figure 5.1(a), and the per-

formance of the OTW propulsion system with different number of installed propellers is shown in

Figures 5.1(b)(c). When transitioning from single-propeller to three-propeller Distributed Propul-

sion (DP) system, it was observed that the propellers were 14.2% (ηProp) more efficient. In terms

of overall efficiency, the three-propeller OTW configuration was 26.3% (ηoverall
propulsive) more efficient

than the single-propeller installed OTW configuration, demonstrating the capability of a DP system

to enhance the overall performance.

5.2 Test matrix

A previous study [89] in Chapter 4 on distributed propulsion systems found that the OTW configu-

ration, with varying numbers of installed HLPs, out-performed the tractor configurations in terms

of overall performance. Additionally, research on tandem hover propellers [73] has demonstrated

that tip-to-tip distances and spacing significantly affect both aerodynamic performance and noise

emissions. Chapter 3 further shows that the overall acoustic directivity is not strongly influenced

by flight condition; however, different installation configurations alter the aerodynamic interaction

mechanisms, leading to distinct acoustic signatures. Therefore, before conducting a comprehen-

sive vehicle-level investigation, it is essential to examine the installation effects of tip-mounted and

distributed propellers.

Figure 5.2 shows four configurations. Configurations C1 and C4 are compared at identical

operating conditions (the TMP had the same blade pitch and rotation speed) to isolate the aero-

dynamic interactions introduced from the DP system. The installed HLP in configuration C2 is

contrasted with the distributed HLPs in configuration C4 (HLP has the same pitch and rotation

speed) to assess the impact of TMP, and the distributed OTW-installed propellers. Furthermore,

119



CHAPTER 5. WINGTIP MOUNTED PROPULSION SYSTEM AND DISTRIBUTED
PROPULSION (TMP-DP)

(a) Flow visualisation OTW-DP system at µ =0.42.

(b) Performance of single-propeller, installed, propulsion systems at
propeller speed, 4800 RPM.

(c) Performance of propeller, OTW installed, propulsion systems.

Figure 5.1: Flow visualisation of the OTW-DP system and the performance comparisons of a sin-
gle propeller-installed tractor, pylon/no-pylon OTW, and different numbers of propellers-installed
OTW configurations. [89] (c) Here, the single OTW propeller is masked by both the two- and
three-propeller configurations, while the two-propeller OTW setup is similarly masked by the full
three-propeller arrangement.
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(a) C1 & C3

(b) C2

(c) C4

Figure 5.2: Schematic of investigated configurations. The TMPs in Configurations 1 and 3 operate
with different blade pitch angles and rotational speeds.

a comparative analysis based on the equivalent thrust is conducted between the TMP-only con-

figuration C3, shown in Figure 5.2(a), and the TMPDP system C4, illustrated in Figure 5.2(c), to

investigate the individual component and overall propulsive performance.

The same tip speed as of the NASA WIPP experiments, corresponding to a Mach number

of 0.505, is applied to the TMP in configuration C3. This is equivalent to the propeller speed

of 3264 RPM in the full-scale simulation of C3, as used in the current work. In the TMP-DP

system shown in Figure 5.2(c), the rotational speed and blade pitch angle at 0.75R of the TMP

are precisely adjusted to generate the same thrust as propulsion system C3 in Figure 5.2(a), while

the DP maintains the same configuration and operating conditions as presented in Chapter 4 [89].
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Specifically, the TMP in configuration C4 operates at 1850 RPM and a pitch of 28◦, while the

DP operates at 3700 RPM with a pitch of 24.1◦. This setup results in tip Mach number 0.286 for

the TMP and 0.325 for the DP. The propeller spacing in configuration 5.2(c) as 1.2D is selected to

minimise performance losses due to aerodynamic interactions and inductions based on the previous

investigations. [153, 73, 149, 154] Detailed specifications for all configurations are provided in Table

5.1.

Table 5.1: Summary of the test condition used for the study of TMP and DP installed propulsion
system.

Condition Take-off and landing (Ma∞ = 0.08)
Radius
TMP 0.508 m
DP 0.288 m

propeller speed (Blade pitch at 0.75R)
TMP 3264 (19.5◦), 1850 (28◦) rev/min
DP 3700 (24.1◦) rev/min

Blade tip Mach number
TMP 0.505, 0.286 -
DP 0.325 -

Configuration :
Wing & HLP Topout
Wing & TMP Topout
Wing & TMP & DP Topout

Tip-to-Tip Distance (d) 0.2 DT MP
Downstream Spacing (s) 1.1 DT MP
Tip-to-Tip Distance (g) 0.2 DDP

5.3 CFD Grids

For an isolated rotor in axial flight, the azimuthal symmetry of the configuration can be exploited,

whereby only a fraction of the grid needs to be generated. The Rotating Reference Frame (RRF)

method is implemented in HMB3 [112] for simulations with rotational periodicity. The governing

flow equations are solved in a non-inertial reference frame, thus transforming the unsteady problem

into a steady-state one. For unsteady simulations, the entire grid is required. However, this can

be obtained by copying and rotating the grids of the steady simulations. Additionally, unsteady
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Figure 5.3: CFD grid topology used for TMP-DP configuration. The cre f is the TMP tip chord
length.

calculations are possible using the implicit, dual-time stepping approach. The computational grids

used for propeller surfaces have a typical C-H topology. The spacing distribution has been set

to the condition ∆y+ < 1, resulting in a first cell size of approximately 2.0× 10−6c for all tested

grids. Adiabatic wall boundary conditions are applied on the propellers, nacelles, and wing, with

freestream values of pressure and velocity used elsewhere. Overset grids were employed to capture

the high-pressure gradient region, and have been carefully designed for efficient load balancing.

The number of near-body grid points for each TMP blade is approximately 7.6 million, or 30.3

million for all four TMP blades. The number of near-body grid points for each HLP blade is

approximately 2.7 million, and for all three HLP blades with 15 blades, a total of 40.5 million grid

points are used. Each propeller spinner has approximately 3 million near-body volume grid points,

and all three spinners have a total of 6 million grid points. The wing, nacelle of the TMP, and

additional refinement box for the OTW-DP system have an integrated design as indicated in Figure

5.3 to help capture the detailed physics of the propeller wakes, including vortices shed from the
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blades, spinners, and wing with a minimum of chimera levels, and have a total of 22 million grid

points. In the off-body mesh system, there is a local refinement box of approximately 2.7 million

points that envelopes the overall propulsion system and its wake region, to resolve and capture

the shed vortices and wake. The far-field flow has a much lower pressure gradient, to help reduce

the cost for these types of expensive numerical simulations, the grid points for the far-field are

approximately 4.5 million. The total number of grid points in the current simulation is 124 million

for the TMP-DP configuration.

For the time-marching computations, a time step corresponding to one degree of propeller

rotation was used for all TMP cases. The convergence of the implicit scheme was determined

based on the reduction of the flow field residual, compared to the previous time step. In particular,

either a three-order-of-magnitude reduction, or 300 inner iterations were found to be sufficient for

convergence at each unsteady step.

5.4 Flow-field analysis

The interactions of the wake structures of the four configurations are presented using iso-surfaces

of instantaneous Q-criterion, in Figure 5.4. In C1, the blade tip vortex, blade trailing edge vortex,

root vortex, nacelle wake, and wing trailing edge vortex are all visible. The tip vortex follows a

spiral path and convects downstream.

In the C2 configuration, a single OTW installed HLP shows more intense spiral structures

due to its operation at higher speed. The nacelle and blade root vortices show a cylindrical shape

with spirals moving downstream, and are as persistent as the tip vortices. The blade root and

mid-span trailing edge vortices are mainly due to the non-uniform distribution of circulation on the

propeller surface. There is no visible interference between the nacelles and the main wing wake. In

addition, wingtip vortices are much weaker than the ones from the wing trailing edge and blades;

hence, it is not visible in Figure 5.4 (b).

Moving to the C3 configuration, where the TMP is operating at a higher speed, and tip Mach

number of 0.505, the most intense spirals are observed following a helicoidal path. Similar to the
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wing trailing edge around the spirals, a much stronger vortex sheet is formed due to the interactions

with the spirals from TMP. This distortion leads to the vortices deteriorating faster.

When the TMP-DP system is simulated, the tip vortex structures closely resemble those

in configurations 1 and 2, as the design aims to minimise aerodynamic interactions between the

propellers. Consequently, each propeller appears to operate in isolation from the others.

A more detailed flow visualisation of C3 and C4 configurations at LE and TE regions is

shown in Figure 5.5. It is observed that the C3 configuration has a stronger contraction of the wake

in the TMP-only configuration. The wake of the TMP expanded more in the C4 configuration,

as visualised in Figure 5.5(c-d), which was caused by the TMP operating at lower speed, and the

installation of the OTW-DP system. In addition, both configurations at the TE region show the

vortex sheet shedding from the wing trailing edge near the TMP slipstream region. This vortex

sheet is evident in Figure 5.6. It was also observed that the tip vortex at the upper side of the wing

tends move to inner radii and the tip vortex at the lower side of the wing moves to outer radii.

The visualisation of the vorticity is presented in Figure 5.6 to understand the different in-

teraction mechanics and flow environments in these two configurations. An asymmetric vortex

system is observed downstream. The near-field is dominated by strong tip and trailing edge vor-

tices due to the higher local velocity at the blade tip and blade trailing edge, where the stronger

blade root vortices were shed due to a higher twist at the blade root. The nacelle vortex can also be

differentiated across all cases, especially in the C3 configuration. Vortex shedding from the wing

with the blunt trailing edge also interferes with the TMP. Two major differences can be identified

when comparing these two configurations.

As expected, the C4 configuration has a reduced vorticity magnitude of the TMP and earlier

dissipation of the blade tip, trailing edge, and root vortices, as depicted in Figure 5.6 (b). This

reflects the different thrust each propeller is contributing. Slices [a] to [d] further show the paths

of the wake, this suggests that the comparatively weaker wake from the TMP has a smaller impact

on the wing. The vortices from the TMP in the C4 configuration indicate a higher degree of energy

dissipation and tend to become more homogeneous propeller wakes than in the C3 configuration.
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(a) C1

(b) C2

(c) C3

(d) C4

Figure 5.4: Flow visualisation of investigated configurations using Q-Criterion isosurfaces at
Q = 0.1 and coloured with pressure coefficient calculated using free stream velocity. Their test
conditions are given in Table 5.1.
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(a) C3-LE (b) C3-TE

(c) C4-LE (d) C4-TE

Figure 5.5: Flow visualisation of C3 and C4 configurations at LE and TE regions using Q-Criterion
isosurfaces at Q = 0.1 and coloured with pressure coefficient calculated using free stream velocity.
Their test conditions are given in Table 5.1

Second, the OTW installed DP system and their nacelles, introduced additional vortices.

Stronger vorticity can be seen in the DP system since it has a higher tip speed compared to the

TMP system. The strength of the blade tip vortices is also reduced between the adjacent propellers

due to the counter-rotating vortex system.

5.5 Wing loading and interactions

Examining the averaged surface pressure coefficient across different configurations, as depicted in

Figure 5.7, reveals that configurations C1 and C2 exhibit slightly lower suction pressures compared

to C3 and C4. This difference is attributed to the single installed propeller operating at lower

speed in C1 and C2. In contrast, configuration C3 shows the highest suction pressure among all

configurations, particularly when compared to C1. This result indicates that a larger and more

intense suction region is formed behind the TMP due to higher induced velocities. Consequently,

the TMP in C3 significantly enhances lift generation from the wing, but may increase the bending

moment.

In the C4 configuration, which includes both TMP and DP systems, a suction area similar to
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(a) C3 (b) C4

Figure 5.6: The vorticity magnitude visualisation of the thrust equivalent C3 and C4 configurations.

that in C1 is observed, as the TMP operates at the same speed. However, there are minor effects

from the DP installation in the region behind the TMP. Compared to C2, the DP system in C4

exhibits an expanded suction region, highlighting favourable interactions the DP system. Within

the DP system, the most significant suction region appears around the middle propeller, benefiting

from the slipstream generated by the adjacent propellers. The interaction between the TMP and

DP systems also results in favourable aerodynamic effects, as indicated by the suction profile from

the TMP-DP system in Figure 5.7.

The effect of the pressure coefficient on the wing from different configurations alters the

lift distribution along the wing span, as illustrated in Figure 5.8. In the C3 configuration, a sharp

peak in lift distribution is observed behind the tip region of the TMP, caused by higher induced
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(a) C1 upper side (b) C1 lower side

(c) C2 upper side (d) C2 lower side

(e) C3 upper side (f) C3 lower side

(g) C4 upper side (h) C4 lower side

Figure 5.7: Averaged pressure coefficient of investigated configurations.

velocities. In contrast, this peak is significantly diminished in the C1 configuration, due to the

lower induced velocities. In C2, an increase in wing performance is evident, particularly with a

lift increase at the propeller installation point. The C4 configuration shows a marked improvement

in lift generation, featuring a reduced spike behind the TMP, and there is no significant lift drop

seen between OTW propellers and resulted in a more uniform lift distribution. This uniformity is

attributed to the beneficial effects of the DP system, which enhances the aerodynamic performance

of the wing.

The propellers in the DP system create a distinct flow environment that benefits the wing.

This design results in a smooth, high-lift spike originating from the innermost propeller. Overall,

the relatively smooth lift distribution observed in the C4 configuration, compared to C3, indicates

a more favourable wing loading distribution achieved by the TMP-DP system. This enhancement
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Figure 5.8: Time-averaged wing lift distributions of investigated configurations.

in wing lift has the potential to offset the additional structural weight introduced by the propellers.

5.6 Propeller blade loading and interactions

Figure 5.9 illustrates the variation in single blade thrust over the full azimuth, scaled according to

the tip-mounted propeller. The data reveal a performance drop in the tip-mounted, propeller-only

configurations, specifically in C1 and C3. This reduction in performance occurs as the blade passes

near the wing. From configuration C1 to C3, the performance loss and the extent of the affected

region increased. This trend is due to the higher tip velocity in configuration C3, which amplified

unsteady loads resulting from the interaction between the propeller and the wing, as shown in

Figure 5.9 with the thrust drop at azimuth angle around 120◦.

Comparing the single-installed HLP with the distributed HLP, as represented by configu-

rations C2 and C4, the setup involving distributed propellers demonstrates limited performance

degradation due to the multi-propeller system. This is particularly evident with the second and
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third propellers, which are positioned sufficiently far from the TMP downwash. Notably, two

peaks in performance are observed, corresponding to the distributed HLPs operating at twice the

speed of the TMP due to their smaller radius. Placing the distributed propeller 1.1DT MP behind

the TMP, with a tip-to-tip distance of 0.2DT MP, is effective in mitigating significant performance

losses from installation effects. Furthermore, when examining the total thrust loads of the C4 con-

figuration, the overall thrust performance is enhanced, with the two peaks preserved, thanks to the

additional thrust contribution from the distributed propellers.

Figure 5.9: Single blade thrust variations from investigated configurations.

The thrust generated by the installed propellers varies across different configurations and

conditions. Figure 5.10 presents the thrust distribution for all four configurations. The propellers

exhibit asymmetric loads in all investigated cases, with variations depending on the configuration

and operating conditions.

Figure 5.10(a) shows the thrust generated by the C1 propeller at different azimuth angles. It

reveals that the TMP produces less thrust between azimuth angles of 0◦ and 90◦. Similarly, Figure

5.10(c) demonstrates an expanded reduction in thrust for the TMP between azimuth angles of 0◦
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Figure 5.10: Propeller thrust distribution from investigated configurations. (Rotation in counter-
clockwise as seen from upstream)
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and 135◦.

This reduction is primarily attributed to two adverse effects: the asymmetric blade/disc ef-

fect, known as the P-factor, and propeller-wing interactions. The P-factor is an aerodynamic phe-

nomenon observed in a rotating propeller, where the center of the propeller thrust shifts off-center

when the aircraft operates at a high angle of attack. This phenomenon has two primary effects,

especially when the propeller disc is slightly tilted toward the horizontal plane.

First, as the propeller rotates, the descending blade moves forward, experiencing a greater

forward speed, while the ascending blade moves backward, resulting in a lower forward speed.

Consequently, the descending blade generates more thrust than the ascending blade.

Second, the effective angle of attack increases for the descending blade and decreases for

the ascending blade due to the tilt of the propeller disc. This difference further amplifies the thrust

produced by the descending blade.

The increased forward speed of the descending blade slightly reduces its effective angle of

attack, but the overall tilt of the propeller disc enhances the total effective angle of attack. This

leads to higher flow velocity and an increased effective angle of attack, resulting in greater thrust

production by the descending blade.

In the C4 configuration, Figure 5.10(d) indicates asymmetric thrust due to installation ef-

fects. Performance loss is observed when the HLP is positioned close to the wing between azimuth

angles of 288◦ and 72◦. Comparing the single installed HLP in Figure 5.10(b) with the distributed

HLPs in Figure 5.10(d), the HLP adjacent to the TMP experiences a thrust loss between azimuth

angles of 72◦ and 216◦, indicating that the combined effects increase the induced velocity in that

region and slightly reduces the propeller performance at the stated azimuth angles. Around 0◦, the

HLPs also shows slight unloading due to interactions with the TMP, wing and the other HLPs.

Compared to the other two installed HLPs, the azimuths with higher thrust loads shift in

a clockwise direction, while those experiencing performance loss tend to recover due to varying

interaction mechanisms. This shift is attributed to the fact that the inboard propeller interacts

primarily with the adjacent propeller and wing. Additionally, the increased wing chord length may
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lead to different levels of boundary layer ingestion.

5.7 Component performance analysis

Table 5.2: Summary of the performance of TMP-only, OTW-only and TMP-DP systems. (TMP
in C1 and OTW propeller in C2 have the same propeller speeds as their respective propellers in
C4. C3 and C4 are thrust equivalent configurations, which matched the Tecnam P2006T aircraft at
52.6 kg thrust, from semi-wing, to achieve T/W 0.149)

Performance C1 C2 C3 C4 (TMP/DP1/DP2/DP3) ∆

Proplellers performance:
Thrust (N) 177.3 120 511.56 529.7 (174.52/118.8/118.0/118.4) +3.5%
Power (kW) 6.53 5.5 22.35 22.82 (6.416/5.47/5.46/5.48) +2.1%
Froude efficiency (-) 0.75 0.60 0.63 0.633 (0.748/0.596/0.593/0.594) +0.5%
Pitching moment (Nm) 6.42 -46.3 15.41 -130.43 (6.52/-45.94/-45.72/-45.29)
Wing performance:
Lift (N) 958 901 987 1138 +15.3%
Drag (N) 66.3 61.7 67.6 41.2 −39.1%
L/D (-) 14.45 14.6 14.6 27.6 +89.0%
Pitching moment (Nm) -229.7 -219.7 -236.6 -248.5
Overall efficiency (-) 46.8% 29.2% 54.6% 58.9% +7.9%

The contribution of thrust, power, efficiency, and pitching moment is presented in Figure

5.11 for all configurations and their components. In Figure 5.11(a), shows that TMP produces

slightly more thrust than the HLP in the current setting, increasing the propeller speed from 1850

RPM to 3264 RPM has more than double the thrust generation, where the C4 configuration with

the TMP-DP design produces a slightly more thrust compared to the equivalent C3 (TMP-only)

configuration. The contribution of each component within the C4 configuration shows that the

TMP contributes about 33% of the thrust and the DP system contributes by about 66%. There is

no significant performance loss within the TMP-DP system due to the aerodynamic interactions

in the current design. The power distribution is seen in Figure 5.11(b), the increase of thrust gen-

eration resulting from a higher power requirement. Within the C4 (TMP-DP) configuration, the

TMP required 28% of the total power, and the DP system requires the rest of the 72% of the total

power. The difference in thrust and power contribution is also reflected by the propeller efficiency

distribution, in Figure 5.11(c). It also indicated that the TMP is more efficient by operating at the
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(a) Thrust ratio. (b) Power ratio.

(c) propeller efficiency. (d) Pitching moment ratio.

Figure 5.11: Overall and individual component performance comparisons of four configurations.

lower speed condition in C1, but C4 has a 0.5% higher propeller efficiency and also produces 3.5%

of additional thrust than the C3. In the current design, with the reduced unfavourable aerodynamic

interactions, there is no harm to the performance by introducing the C4 (TMP-DP system). In

addition, Figure 5.11(d) shows that increasing the operating speed of the TMP would lead to an

increase in nose up pitching moment (positive value), but the C4 configuration has a much larger

nose down pitching moment, which is mainly contributed by the OTW installed DP system. How-

ever, this can be balanced within the propulsion system by changing the position of the DP system,

increasing and reducing the thrust contribution from the TMP and DP systems, respectively, or by

a net balancing at the full vehicle level.
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5.8 Overall performance analysis

The performance of the overall system for equivalent configurations is presented in Figure 5.12.

The TMPDP configuration exhibits the highest lift among the configurations studied. Variations in

thrust for the tip-mounted propellers have a lesser impact on the lift and drag of the wing due to the

smaller wetted area, resulting in only minor changes in the lift-to-drag ratio (L/D). The addition of

the OTW distributed propulsion system significantly increases the nose-down pitching moment, as

indicated in Table 5.2.

Comparing thrust-trimmed data between the TMP-only and TMP-DP systems in the C3 and

C4 configurations, the installed propellers generate similar thrust levels. The overall propeller effi-

ciency is comparable between these two configurations, with the exception of the C1 configuration,

where the TMP demonstrates superior efficiency at lower advance ratios.

Crucially, the data indicate that increasing the thrust setting in the TMP-only configuration

enhances the overall propulsive efficiency. The introduction of the OTW-DP system was further

beneficial to the overall efficiency, approaching nearly 60%, with a substantial improvement in

wing lift generation. As a result, the integrated TMPDP system performs better than the other

configurations.

5.9 Chapter Summary

In advanced propulsion system design for flying vehicles, existing configurations must be re-

thought due to the increased flexibility offered by hybrid/electric powertrain systems. This suggests

a need for reserve, particularly regarding aero-propulsive synergistic effects. This study presents

four propulsion systems using state-of-the-art modeling approaches, each aimed at enhancing per-

formance. Current work covers aerodynamic performance, interactional effects, and configuration

design in detail. The results demonstrate that the analysed configuration can significantly improve

overall propulsive efficiency and lift generation.

The study found that the placement of tip-mounted and distributed propulsion systems cre-
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Figure 5.12: Performance comparisons of the thrust equivalent TMP-only (C3) and TMP-DP (C4)
systems.

ated an aerodynamic interference region with the wing in Figure 5.7. In the higher tip-speed case

of TMP compared from configuration C3 to C4, this interference becomes stronger, which re-

duces suction pressure near the leading edge and mid-chord region while increasing pressure at the

leading and trailing edges on the pressure side due to wake-washing effects. The propeller-wing

interaction caused thrust fluctuations as the propeller blades swept through the interference region,

though the mean thrust was only slightly impacted, particularly in the lower tip-speed case from

configuration C1.

Similar benefits, such as reduced suction pressure region, were observed in the OTW-installed

HLP in configuration C2, see Figure 5.7 (c). This benefit was even more pronounced in the dis-

tributed propulsion system of configuration C4, likely due to the cooperative effect. In the proposed

TMP-DP configuration, no significant thrust loss was observed when transitioning from single to

distributed propellers. However, the TMP in configuration C4 exhibited thrust fluctuations sim-

ilar to those in C1, indicating that TMP-DP-wing interactions have minimal impact on propeller
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performance within the TMP and DP systems.

The propellers within the DP system experienced similar sinusoidal variations in thrust as

shown in Figure 5.9, with the collective output of the TMP and three OTW propellers resulting

in greater overall thrust fluctuations compared to the C3 configuration. The lift force distribution

along the wingspan revealed a significant spike near the wingtip in the C3 configuration, which was

substantially reduced in the C4 configuration. The increased lift generation near the most inboard

OTW propeller may be attributed to the increased wing chord length. For the propellers, the TMP

with higher speed experience expanded thrust loss due to the installation, hence a better efficiency

with lower RPM case. The installation of the DP system caused a slight reduction in the thrust

of the TMP while passing through the wing suction side. At the same time, the cooperative effect

of the DP slightly reduces the propeller performance while the propeller passes the wing and the

adjacent propellers. However, the wing performance is much improved.

The structure of the vortex system in all configurations is affected by interactional effects due

to the propeller installation, resulting in an asymmetric vortex system. In the TMP-only configu-

ration, which provides equivalent propulsion force, the vortex generated is significantly stronger.

The main deformed vortex tends to rise upward and propagate downstream and inboard. In con-

figuration C4, there is a more rapid destruction of tip vortices and faster wake dissipation observed

behind the TMP. The vortex system in the DP configuration introduces additional interference with

the wing system. This interference shapes the wakes from the HLPs and the wing, with the mid-

dle HLPs exhibiting enhanced wake dissipation due to the anticlockwise vortex from the adjacent

propeller blades.

In terms of performance, configuration C4 generated 3.5% more thrust with improved effi-

ciency. The enhanced wing performance resulted in nearly 15% more lift, and the overall propul-

sive efficiency gained 8%. Where the lift enhancement could help offset the extra weight of dis-

tributed propellers. The pitching moment was also analysed, while the wing produced a similar

pitching moment between C3 and C4, the DP system in C4 contributed to a significantly higher

pitching moment.
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Comparing the DP system with and without the TMP propeller, as shown in Figures 5.1(b)

and 5.12, the overall propulsive efficiency is further improved by incorporating the TMP propeller.

This configuration also leads to enhanced lift-to-drag ratio (L/D), increased total thrust generation,

and improved propeller efficiency. Moreover, the additional torque introduced into the propulsion

system by the TMP or DP components is unlikely to pose a significant challenge for future electric

and hybrid propulsion systems.

Given the benefits of the integrated TMP and DP system, it can operate under optimal pro-

peller performance conditions with variable pitch and RPM, while simultaneously enhancing lift

and achieving a more uniform load distribution. Moreover, the AD method is suitable for system-

level optimisation when supplied with high-fidelity data that accurately represent the aerodynamic

interactions between the propellers and the wing. Future work is going to focus on the configu-

ration optimisation (e.g. pusher configuration), near-field, far-field noise investigation, and noise

reduction using synchrophasing.
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Chapter 6

Noise Reduction using Phase

Synchronisation
This chapter has been published as: Geng Qiao, Emma San Martin, George

Barakos, “Assessment of Synchrophasing for a Pair of Rotors in Close Proxim-

ity,” Aerospace Science and Technology, (2024) doi:2024.109808.

This chapter investigates the aerodynamics and aeroacoustics of a pair of rotors similar to

those in the distributed propulsion (DP) system, using the same propeller separation distance as

defined in Chapter 5. The configuration was also studied in the ”Radiation and Propagation for

Multirotor Systems” project from the Group for Aeronautical Research and Technology in Eu-

rope (GARTEUR) Action Group 26. The study employs the validated, high-fidelity computational

fluid dynamics (CFD), in-house Helicopter Multi-Block Solver 3 (HMB3). A pair of dual-bladed

13x7 rotors in hover and edgewise flight were studied. This study aims to reduce rotor noise by

introducing a phase offset between the initial angular positions of the rotors in a tandem configu-

ration, similar to the distributed propulsion system described in Chapter 5. The rotors maintained

a constant RPM, and a tip Mach number of Mach 0.4, close to typical values for full-scale ur-

ban air mobility (UAM) rotorcraft. A comprehensive synchrophasing study based on cumulative

effect of the rarefaction and compression in the acoustic wave is presented using fully resolved

time-marching calculations. Following this, an analysis of aerodynamic performance and acous-
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tics with accounting for human noise perception of isolated and multiple tandem configurations is

presented.

6.1 Test Matrix

The text matrix involved in the synchrophasing investigation of tandem configurations is presented

in Table 6.1, and the conditions were selected based on the AG26 work [73, 148]. The freestream was

15 m/s, with both rotors operating at 8,000 rpm to reach a designed tip speed of 0.4. Three config-

urations were tested, including isolated, coplanar, and tandem rotors, as shown in Figure 6.1 and

on Table 6.1. Both configurations involve two rotors that are horizontally separated by a distance

of 1.18D, resulting in a blade tip-to-tip distance of 0.18D. The tandem coplanar configuration, has

no vertical offset, whereas the tandem offset configuration, has a vertical displacement of 0.25D.

A dataset comprising twelve unique phase offset conditions, including both low and high blade

phases, was obtained for the coplanar and tandem offset, counter-rotating configurations.

Table 6.1: Summary of the test condition used for GARTEUR AG26 DLR ACCID 13x7 rotor
synchrophasing studies.

Free-stream velocity 15.00 m/s
Radius 0.164 m
RPM 8000
Blade tip Mach number 0.3996

Configuration :
Tandem coplanar ∆x = 1.18D, ∆y = 0, ∆z = 0
Tandem offset ∆x = 1.18D, ∆y = 0, ∆z = 0.25D

Synchrophasing :
De-phased angles studied (×Nb) 0◦ - 360◦ (∆ = 15◦)
Number of computing cases 24
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(b) Tandem coplanar.
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Figure 6.1: Visualisation of synchrophasing and microphone positions. Microphones were chosen
to study the near-field noise.

6.2 Results for Tandem Rotors

Figure 6.2 shows iso-surfaces of the Q-criterion, coloured by vorticity magnitude, for tandem

rotors in different configurations. The vortex structures are well-resolved from the rotor blades to

their wake region. In Figure 6.2(a), the tandem coplanar rotors exhibit clearer and stronger vortex

interactions, highlighted by red circles, compared to the tandem offset rotors shown in Figure

6.2(b). The vertical offset of the downstream rotor in Figure 6.2(b) results in the first vortex spiral
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Tip vortices
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(a) Tandem coplanar (top view).

Tip vortices
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(b) Tandem offset (top view).
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(c) Tandem coplanar (front view).
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(d) Tandem offset (front view).

Figure 6.2: Iso-surface of the Q-criterion at Q = 0.1 coloured by vorticity magnitude of the tandem
rotors with/without vertical offset.

being significantly deformed by the vortices from the upstream rotor.

Figures 6.2(c-d) show the wake profiles in the vertical direction for both configurations. In

the front view, unsymmetrical spirals and three main vorticity streams are observed. The wake

of the tandem coplanar configuration tends to propagate further back in the freestream direction,

whereas in the tandem offset configuration, the wake propagates further downward. This behaviour

is typically observed in low Reynolds number flows, where tip vortices break down more quickly,

leading to vortex-vortex interactions [76]. It is evident that rotor interactions are more prominent

in multirotor systems operating in close proximity, which distinguishes them from conventional

large rotor configurations, particularly in the near field. This highlights the need for flow control

techniques to mitigate aerodynamic interferences and their associated noise.
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6.3 Tandem Rotors Synchrophasing Study

Using the same configuration as the wind tunnel, this section expanded the validation experiments

to look into the sychrophasing impact. The CFD solver HMB3 is used to compute aerodynamic

performance (thrust and torque) and acoustics (time series and spectrum analysis). Each configu-

ration spans 12 phase offsets, for a total of 24 cases in this study.

6.3.1 Performance Results

The isolated and the tandem rotor configurations were examined under 24 different phase offset

cases in edgewise flight at 15 m/s, with loads averaged over the last revolution. As anticipated, the

isolated rotor outperforms tandem configurations, reflecting a performance loss in multi-rotor con-

figurations due to interactions. Figure 6.3 illustrates the reduced performance of the downstream

rotor compared to the upstream rotor in each configuration. In addition, it is noted that both rotors,

in the tandem offset configuration have marginally better thrust when compared to the coplanar

configuration, as a result, the overall thrust is left untrimmed in this study.

By altering the phase offsets, there is no apparent impact on the thrust of the upstream and

downstream rotors. In terms of torque, the upstream rotor remains mainly unaffected by the syn-

chrophasing. In contrast, the downstream rotor exhibits variations, with more pronounced benefits

observed from 105◦ to 165◦ in the coplanar configuration. In the tandem offset configuration, the

performance of the rotors is independent of the synchrophasing. However, the downstream rotor

performs better than for the coplanar configuration.

The disk loadings for isolated and tandem rotors are presented in Figure 6.4(a-g). The forces

are in the blade frame of reference, and M2CT and M2CQ are sectional thrust and torque coefficients

about the shaft axis. The moment coefficient is represented by M2CM, as negative for pitch-down

moments. In Figure 6.4(b) of the up stream rotor from the tandem coplanar configuration, there is a

small decrease in thrust coefficient on the advancing and retreating sides at Ψ = 65◦ and Ψ = 315◦,

respectively, indicative of tip vortex effects. This becomes more evident in the torque coefficient

distribution on both the advancing and retreating sides, highlighting the influence of rotor-rotor
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(a) Tandem coplanar.

(b) Tandem offset.

Figure 6.3: Rotor performance of tandem configurations due to the synchrophasing effect. (Up-
stream and downstream rotors are represented by rotor 1 and 2)
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interaction. The distribution of pitch moments also undergoes changes at the mentioned angles,

resulting in a slight performance drop for the upstream rotor due to interference in the tandem

coplanar configuration.

Comparatively, the downstream rotor in Figure 6.4(c) shows a more pronounced decrease

in thrust and pitching moments. The thrust reduction is notable in the region from Ψ = 135◦

to Ψ = 225◦, attributed to rotor wake interference, contributing to a slight reduction in pitching

moment in that region. In contrast, the torque coefficient increases, particularly on the retreating

side, indicating a higher power requirement from the downstream rotor to counteract the wake

from the front rotor.

In the tandem vertical offset configuration, as shown in Figures 6.4(d-e), the upstream rotor

exhibits load distributions that are quite similar to those observed in the tandem coplanar con-

figuration. This suggests that raising the position of the downstream rotor does not significantly

impact the upstream rotor. However, when comparing the downstream rotor in the vertical offset

configuration to that in the coplanar configuration, as depicted in Figures 6.4(e) and (c), a marked

improvement in thrust performance is evident in the vertical offset configuration. A similar en-

hancement is also observed in the pitching moment distributions. Although the torque coefficient

in the vertical offset configuration is higher than in the isolated configuration, it is reduced com-

pared to the coplanar configuration.

Furthermore, by applying synchrophasing with a 90° phase offset in the tandem vertical

offset configuration, as shown in Figures 6.4(f-g), the upstream rotor remains unaffected. However,

the sudden loss of thrust observed in the downstream rotor is mitigated due to reduced aerodynamic

interactions, as reflected in the disk loading distribution at Ψ = 180◦. This reduction suggests that

the 90◦ phase offset effectively mitigates some of the adverse effects of rotor-rotor interactions,

leading to improved performance in the downstream rotor.
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(a) Isolated rotor.

(b) Tandem coplanar upstream rotor.

(c) Tandem coplanar downstream rotor.

(d) Tandem vertical offset upstream rotor.

(e) Tandem vertical offset downstream rotor.

(f) Tandem vertical offset upstream rotor with 90◦ phase-offset.

(g) Tandem vertical offset downstream rotor with 90◦ phase-offset.

Figure 6.4: Tandem coplanar, vertical offset, and vertical offset with 90◦ phase offset rotor disks
contoured with thrust, torque and pitching moment coefficients in edgewise flight, µ = 0.109.
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6.3.2 Aeroacoustic Results

Presented in Figure 6.5 is the A-weighted OSPL of each phased case for the tandem configurations

where the M1, M2, and M3 refer to the upstream, interior, and downstream microphones. The

AOSPLs reveal a trend in the variation of noise at different locations due to the phasing. The

effects are configuration-dependent, and a stronger phase effect is seen in the area between the

two rotors. For most phase offsets, the upstream position registers the highest AOSPL, while the

position between the two rotors ranks as the second highest, with the downstream microphones

having the lowest noise levels.

In coplanar configuration, phase offsets 45◦, 75◦, 105◦ and 150◦ show reduced noise emis-

sions in the upstream region. The benefit of the synchrophasing appears stronger in the interior

region, where all phase angles show different levels of noise reduction. The downstream region is

relatively less sensitive to the synchrophasing, but phases of 30◦, 75◦, 90◦, 120◦ and 150◦ show a

benefit.

In the tandem offset configuration, synchrophasing appears to benefit the upstream region

from most phases, apart from the 45◦ and 135◦ offsets. Furthermore, it is advisable to steer clear

of the 45◦ angle as it results in an approximately 1 dB greater noise level in the area between the

rotors. In the interior region, where AOSPLs exhibit varying degrees of reduction, noise emission

is extremely sensitive to phase offsets, much like in the coplanar design. At phase 90◦, a maximum

4dB reduction of A-weighted sound pressure level is attained. The downstream noise from the

tandem offset configuration was less than that from the coplanar configuration in most cases. A

maximum reduction of 1 dB is seen with 120◦ phase offsets for the coplanar configuration. A

clear benefit can be seen for cases with 75◦, 90◦, and 120◦ phase offsets for the tandem offset

configuration, whereas the A-weighted sound pressure level at the case 75◦ is decreasing by 1.5

dB compared to its baseline case.

Figure 6.6 shows the acoustic effect of phase offsets across a wide range of BPFs for both

configurations. The phase offsets have less effect in the upstream region, especially in the first

three BPFs. A more visible noise reduction is seen from 4th to 10th BPFs for both configurations,
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(a) Tandem coplanar.

(b) Tandem offset.

Figure 6.5: AOSPL of microphones at different locations due to the synchrophasing effect of
tandem configurations. (M1: upstream, M2: interior, M3: downstream microphone)
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and it extends to 12th BPFs in the tandem offset configuration. In addition, a noticeable drop in

ASPL is seen between the 4th and 6th BPFs in the phase offset range of 15◦ to 45◦. Compared

to the upstream region, the interior region exhibits a much greater impact from the spectrum with

phase offsets. There is a noticeable decrease at the first BPF in the phase offset range of 60◦ to 90◦.

Phase angles of 45◦ and 135◦ are more prominent in terms of the 2nd BPF. Additionally, for all

configurations, the benefit of synchrophasing was extended across the spectrum above 9th BPFs

at phase offsets of 150◦ and 165◦. Between the 4th and 8th BPFs in the coplanar configuration,

they are primarily affected by the phasing in the downstream area. The tandem offset configuration

exhibits a much more pronounced effect throughout the spectrum, while the first BPF significantly

decreases between phases 120◦ and 150◦. Overall, it is observed that the noise spectrum from the

downstream region is significantly reduced by elevating the vertical position of the downstream

rotor compared to the coplanar configuration. Furthermore, an improvement in noise reduction

due to the sychorphasing also benefited from the elevated downstream rotor.

To better understand the impact of these distributions on a human listener, the A-weighted

band-averaged SPL (ABASPL) for each of the one-third-octaves bands, as described earlier, has

been analysed for each phase. Results for the tandem coplanar configurations in the phase off-

set angles between 15◦ and 165◦ are presented in Figures 6.7. Notably, synchrophasing exhibits

more pronounced noise in the 1st and 2nd BPFs. However, slight variations are observed, with

comparatively lower noise levels in the frequency bands beyond the second BPF than in the first

two BPFs. Additionally, the response levels of microphones from different locations vary with

the phase offset angle, emphasising the need to subtract the baseline case to discern the effect of

synchrophasing on different frequency bands.

ABSPL differences are calculated by subtracting the 0◦ phase offset baseline from the var-

ious phase cases, are illustrated in Figure 6.8 for the tandem coplanar configuration. Across all

phase offsets, the interior region has the most noise reduction, especially at the phase offsets be-

tween 30◦ and 90◦. Noise with the A-weighted sound pressure level was reduced by more than 7

dB for phase offsets of 45◦ and 60◦. In addition, a 90◦ case appears promising for noise reduction

in the interior and downstream regions. In the tandem offset configurations presented in Figure
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M1

M2

M3

Tandem coplanar. Tandem offset.

Figure 6.6: A-weighted SPL spectrum of microphones at different locations due to the syn-
chrophasing effect at tandem configurations. (M1: upstream, M2: interior, M3: downstream
microphone)

6.9, the interior region shows the most noise reduction at similar phase offsets as the coplanar con-

figuration. Furthermore, the 120◦ de-phase case is much quieter in the interior and downstream

regions. Almost 6 dB of reduction was achieved in the downstream region due to the acoustic

benefit gained from the first two BPFs, which are located in the bands 250 and 500 Hz.
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Figure 6.7: Tandem coplanar ABASPL values.
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Figure 6.8: Tandem coplanar ABASPL differences from in-phase for all phase angles. The overall
reduction or increase at the selected microphone locations is also shown.

6.3.3 Time Series Analysis

Acoustic pressure at different azimuths for the tandem coplanar synchrophased cases is presented

in Figure 6.10, as the microphone positions are represented by black dots, and red contour colour
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Figure 6.9: Tandem offset ABASPL differences from in-phase for all phase angles. The overall
reduction or increase at the selected microphone locations is also shown.

and blue contour colour represent the positive and negative acoustic pressure. At each rotor, the

directivity of the negative acoustic wave is orthogonal to the positive acoustic wave. In the baseline
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in-phase case, it shows that the acoustic waves from the in-phase case arrive simultaneously at the

microphones, which amplifies the strength of the original wave. Reduced acoustic pressure is seen

by relatively white contour colour at microphone positions in the selected phase offset cases, such

as 30◦, 45◦, and 90◦, compared to the baseline in-phase case. On the other hand, in Ψ = 60◦ and

Ψ = 150◦ from the 45◦ de-phased case, a solid L-shaped black line represents a smaller positive

acoustic pressure zone, whereas a Z-shaped black solid line indicates a smaller homogeneous wave

superposition zone and results in reduced sound pressure.

Further analyses focus on the acoustic pressure history at various locations for the tandem

coplanar configuration. The time history of acoustic pressure is compared between the selected in-

phase and optimal phased cases, as shown in Figure 6.11. For each microphone location, the most

beneficial phase is highlighted. It is observed that the upstream and downstream regions are less

sensitive to synchrophasing, suggesting that the acoustic pressure in these areas is predominantly

influenced by the two-bladed rotors. In contrast, two strong peaks and valleys appear for the

in-phase case, with their positions shifted in the optimal phased scenario. Additionally, greater

sensitivity to noise is observed in the interior region, where the acoustic pressure history becomes

more complex, likely due to dominant interactional effects. In the optimal 60◦ de-phase case, these

strong peaks and valleys are redistributed into smaller ones, indicating that the perceived noise is

significantly reduced, thanks to diminished interactions.

The time history of acoustic pressure for the tandem offset configuration is presented in Fig-

ure 6.12. Similar to the tandem coplanar cases, the upstream microphone shows a shift in acoustic

pressure compared to the baseline, though the magnitude remains largely unaffected. However,

unlike the coplanar configuration, the interior and downstream microphones in the tandem offset

configuration display four distinct peaks and valleys within each rotor revolution. These valleys are

less pronounced due to the reduced aerodynamic interactions. Additionally, with the implementa-

tion of synchrophasing, both peaks and valleys in acoustic pressure are shifted in time and exhibit

reduced magnitudes compared to the in-phase scenario, leading to further acoustic attenuation.

Quantifying the noise reduction from the single to tandem offset rotor configurations with

an optimal de-phased case is presented in Figure 6.13. Noise with the A-weighted sound pressure
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Azimuth
Ψ = 30◦

Ψ = 60◦

Ψ = 90◦

Ψ = 120◦

Ψ = 150◦

Ψ = 180◦

Tandem coplanar
in-phase case.

Tandem coplanar 30◦

de-phased case.
Tandem coplanar 45◦

de-phased case.
Tandem coplanar 90◦

de-phased case.

Figure 6.10: Visualisation of acoustic pressure at different azimuths for the tandem coplanar syn-
chrophased cases. Edge-wise flight, µ = 0.109. Rarefaction represented by negative acoustic
pressure, whereas compression represented by positive acoustic pressure. (Black dots from left to
right represent the investigated microphones from upstream to downstream.)
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(a) Upstream microphone.

(b) Interior microphone.

(c) Downstream microphone.

Figure 6.11: Tandem coplanar rotor in edgewise flight, µ = 0.109.

level is decreased by 4 and 3 dB noise in the upstream and downstream regions by having the

tandem configuration, and the overall optimal de-phased case has small effects on these regions.

However, in the region between the rotors, from the single to tandem rotor configurations, there is a

noise reduction of almost 6 dBA. In addition, by applying the synchrophasing with the optimal de-

phased angle, the noise with the A-weighted sound pressure level is further reduced by almost 4 dB

and has reached an almost 10 dB reduction compared to the thrust-trimmed equivalent single-rotor
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(a) Upstream microphone.

(b) Interior microphone.

(c) Downstream microphone.

Figure 6.12: Tandem offset rotor in edgewise flight, µ = 0.109.

configuration.

6.4 Chapter Summary

This work conducted a comprehensive study of two synchrophasing tandem, counter-rotating DLR

13x7 rotors in coplanar and vertical-offset configurations, operating in edgewise flight.

The performance of rotors was affected in the multirotor system, especially in the tandem
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Figure 6.13: AOSPL from the tandem offset rotor. Equivalent single and tandem cases are trimmed
to the same thrust. The optimal phase for the tandem offset is 90◦.

coplanar configuration. Elevating the position of the downstream rotor shows better performance,

suggesting tandem offset rotors are a favourable configuration.

The interference of flow and sound waves between rotors appears to play an important role

in the superposition of acoustic waves, showing the need for rotor synchrophasing to achieve a

quieter edgewise flight operation. Consideration of the acoustic impact of flying vehicles on hu-

mans was included by employing A-weighted SPL standards to account for the relative loudness

perceived by the human ear. Higher noise appears in the upstream and interior regions between the

rotors, significantly attenuated in the downstream region, and different levels of noise reduction

are observed in different de-phased cases from different regions, suggesting the phase offset can

be adjusted to achieve lower noise in the interested region.

Analysis using one-third octave bands to understand the contribution of different frequency

components to the overall sound will aid in targeted noise control and mitigation efforts in differ-

ent de-phased cases. Sychrophasing shows relatively diminutive benefits in the upstream region.
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However, significant noise reduction occurs in the region between rotors in the middle phasing

offsets and the downstream region at phasing 90◦, suggesting a favourable resulting sound wave

from synchrophasing for both tandem configurations. The best de-phased angle achieved almost

7 dB overall A-weighted sound pressure level reduction and around 20 dB reduction at several

A-weighted one-third octave bands. More favourable effects of synchrophasing in the tandem off-

set configuration yield over 7 dB overall A-weighted sound pressure level reduction in the region

between rotors. Furthermore, transforming from a single isolated rotor to the optimal de-phased

tandem offset configuration while producing the same amount of lift, achieved almost 10 dB noise

reduction in the A-weighted noise level.

Future work will extend the TMP-DP system investigations by incorporating synchrophasing

and vertical offset to investigate its global near-field and far-field acoustic characteristics across all

directions, using a combination of analytical, hybrid, and high-fidelity methods.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This work presents a series of studies on interactional aerodynamics using multiple propulsion

systems. As demonstrated in Chapter 3, the actuator disk (AD) method is capable of capturing

the leading-edge suction mechanism and the effective angle of attack, leading to lift enhancement

and drag reduction, in agreement with high-fidelity simulations. Fully resolved simulations are

essential for capturing variations in propeller performance due to installation effects, as shown in

Chapter 4, where the over-the-wing (OTW) propeller exhibits reduced performance compared to

the tractor configuration. However, the significant improvements in wing performance—namely

lift enhancement and drag reduction—contribute to an increased lift-to-drag ratio (L/D) and overall

propulsive efficiency. These findings suggest that the AD method, when informed by high-fidelity

simulations, can be effectively used for system-level optimisation.

The integration of tip-mounted propellers (TMP) with distributed propulsion (DP), as stud-

ied in Chapter 5, demonstrates further improvements in lift generation, drag reduction, propeller

efficiency, and overall propulsion efficiency, achieving performance levels comparable to those of

practical aircraft. This configuration also introduces a nose-down pitching moment, highlighting

the need for careful placement of the centre of gravity to ensure proper moment balance at the vehi-

cle level. While the additional propulsors in the TMP-DP system may increase the overall weight,
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this can potentially be offset by the aerodynamic benefits and optimised propulsive efficiency of

the system.

Furthermore, the aerodynamic interaction and induction effects between propellers can be

minimised with appropriate propeller separation, as shown in Chapters 3 and 6. Finally, noise

reduction is achieved through the use of multi-rotor configurations and synchrophasing, paving the

way for further exploration of acoustic benefits in the TMP-DP system.

The key findings that support the above conclusions of this work are summarised as follows:

CFD validations

• The actuator disk model provides an average downwash effect is capable of capturing the

leading-edge suction mechanism and the effective angle of attack, leading to lift enhance-

ment and drag reduction, in agreement with high-fidelity simulations.

• Fully resolved simulations offer a more accurate representation of wake effects across the

wing and captured variations in propeller performance due to installation effects

• The SAS method captures more of the downstream wake compared to URANS .

Distributed Propulsion

• Optimization using an auxiliary propeller showed that horizontal positioning had minimal

impact on wing performance. However, the over-the-wing configuration, particularly near

the mid-chord, led to overall lift improvement and drag reduction, resulting in an increased

L/D.

• Fully resolved verification found that propeller performance decreased by 6.4% compared

to the conventional tractor configuration. However, wing performance improved, with a

1.3% increase in lift, a 74% reduction in drag, and a 294% increase in L/D, leading to a

5.5% improvement in overall propulsion efficiency when transitioning from the conven-

tional tractor to the optimized OTW configuration.
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• The pylon structure generated additional drag but also contributed to swirl recovery, ben-

efiting propeller performance while retaining the overall performance advantages of the

OTW configuration.

• Adding a second propeller resulted in an overall propulsive efficiency improvement of

ηoverall
propulsive = +6.2% while maintaining the same lift. Incorporating a third propeller fur-

ther increased ηoverall
propulsive =+26.3%.

Tip-mounted and Distributed Propulsion

• Lowering the tip speed in the TMP configuration resulted in smaller propeller thrust and re-

duced wing load fluctuations, suggesting that thrust and wing load fluctuations are directly

dependent on the thrust requirement.

• Distributed propulsion systems not only distribute thrust across multiple propellers but also

reduce spikes in lift generation along the wing span.

• There is a 1%−1.5% performance loss in TMP and DP due to propeller-propeller interac-

tions in the proposed TMP-DP configuration. However, the overall performance improved

with ηoverall
propulsive =+8% and an additional +15% lift compared to the TMP-only configura-

tion.

• A significantly higher nose-down pitching moment was produced in the C4 configuration

due to the OTW-installed DP system.

• The TMP-DP system exhibits a more complex vortex structure due to interactional effects,

but the overall vortex intensity is reduced compared to the TMP-only system.

Noise Reduction using Phase Sychrophasing

• Elevating the position of the downstream rotor improves performance compared to the

tandem coplanar configuration.
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• The upstream and interior regions experience higher noise levels than the downstream re-

gion. Among the tested cases, neither flight conditions, RPM, nor configurations signif-

icantly altered the noise directivity pattern; they primarily influenced the sound pressure

level (SPL).

• Synchrophasing provides relatively minor benefits in the upstream region. A phase shift

of 90◦ results in the most significant noise reduction in the region between the two ro-

tors, achieving nearly 7 dB overall noise reduction and up to 20 dB reduction in specific

frequency bands.

• Transitioning from a single isolated rotor to the optimal de-phased tandem offset configu-

ration, while maintaining the same lift, achieved nearly 10 dB noise reduction.

7.2 Future Work

In the future, the findings of this work can be extended to more advanced propulsion systems, fo-

cusing on aerodynamics, aeroacoustics, and noise reduction technologies which can be developed

into multiple PhD projects and research questions including:

Future A: Given the improved aerodynamic efficiency and reduced tip speed in the wingtip-

mounted and distributed propulsion systems, a significant reduction in noise is expected, as pro-

peller noise is highly dependent on tip speed. The investigation of various configurations—including

tractor, over-the-wing (OTW), TMP-only, and TMP-DP systems—can be further extended to both

near-field and far-field aeroacoustic analysis. Synchrophasing can also be applied to the TMP-DP

configuration, building on the promising noise reduction observed in tandem propeller setups in the

current work. An additional benefit of synchrophasing in the TMP-DP system could be the reduc-

tion of wing load fluctuations, which are closely associated with tonal loading noise. Minimising

these fluctuations would contribute further to overall noise reduction. Moreover, future studies

could explore the effects of vertical and horizontal propeller separation, as well as relative rotation

directions, within distributed propulsion systems to better understand their impact on aerodynamic
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performance and aeroacoustic behaviour.

Future B: In this work, we found that the actuator disk (AD) method is highly accurate in

capturing the leading-edge suction mechanism and the effective angle of attack, leading to lift en-

hancement and drag reduction. These results are in good agreement with high-fidelity simulations,

suggesting that the AD method is suitable for system-level optimisation. This optimisation frame-

work for the TMP-DP system can be further extended to aerofoil shape optimisation by considering

parameters such as maximum camber, camber position, and maximum thickness. Additionally, en-

suring that all propellers operate under optimal conditions, with the optimal number of propellers,

optimal wing size, and placement, will be critical to achieving the best possible overall propul-

sive efficiency. Furthermore, the aeroelastic and thermoeffects can be investigated for such novel

propulsion systems.

Future C: Regarding the methodology, this work explored the benefits of synchrophasing

using high-fidelity CFD to directly extract acoustic pressure, and also employed a hybrid CFD -

Ffowcs Williams Hawkings (FWH) approach to accelerate noise prediction. Both methods demon-

strated strong agreement with experimental results. A technical note drafted during my PhD, based

on a coupled analytical method, also showed promising agreement with both the hybrid and high-

fidelity approaches. These findings suggest that future acoustic investigations can leverage these

accurate, albeit computationally expensive, methods to develop relatively accurate yet significantly

more cost-effective alternatives. To illustrate the potential computational savings, tasks that cur-

rently require several months of runtime on hundreds of CPUs could potentially be reduced to

minutes on a laptop. However, this approach is currently applicable only to tonal noise predic-

tion due to the subsonic nature of the flow. For broadband noise, high-fidelity simulations using

Large Eddy Simulation (LES) remain essential to capture the complex flow phenomena and acous-

tic wave propagation. That said, there is significant potential in applying machine learning and

data-driven approaches to predict these nonlinear dynamics. Such a direction presents an exciting

opportunity for future research and could form the basis of a highly compelling project.
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