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Executive Summary

Traffic congestion is an ever-growing problem in large cities, with significant implications for social and
environmental well-being. For instance, the average New Yorker travelling during peak times sits in traf-
fic for 60 hours longer than in 1987, culminating in increased stress and exposure to pollution. While
New York and other large Western cities can combat this problem through a combination of improved
public transport and pedestrianisation, these solutions are notably more difficult to implement in post-
modern cities with harsh climates. A prime example of this is Dubai; its unorthodox urban planning and
limited public transport infrastructure leave road expansion as the primary economically viable remedy
to congestion. This underscores the urgent need for an innovative transportation solution.

Owl-22’s vision is twofold. First, to provide a novel long-term solution, one that isn’t constrained by
land connections, to traffic congestion in postmodern cities. This approach enables the continuous
expansion of travel corridors through the introduction of vertical layers. Secondly, Owl-22 aims to
redefine the daily commute experience. In highly congested cities like Dubai, travelling to work typically
requires leaving at unconventional times to avoid rush hour and a general feeling of dread is associated
with the entire experience. Through this vehicle, which introduces intuitive, aerial travel, users can not
only reduce their travel times, but also come to enjoy the experience of going back and forth from work.

This report aims to document the design process that has led to the final configuration of Owl-22.
Throughout this process, the team was guided by the following mission statement, which encapsulates
the project’s core vision:

Provide a sustainable air travel option for personal daily use in urban areas, helping to decrease
traffic congestion and the need for more high-density infrastructure.

Product Overview

Owl-22 is a compact, energy-efficient personal air vehicle designed with both functionality and aesthetic
appeal in mind. Its user-friendly interface, featuring a car-inspired control setup with a yoke, pedals,
and an integrated iPad-based control panel, enhances accessibility for the target audience in the United
Arab Emirates. Furthermore, for the convenience of storing the vehicle, it is foldable, fitting in a volume
of 4 [m3] when stowed away. A visual representation of the deployed vehicle is shown in Figure 1.

Figure 1: Owl-22 external view.

The main design specifications are summarised in Table 1:
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Table 1: Owl-22 specifications.

Specification Value
Range 30 [km]
Cruise Velocity 60 [km/h]
Flight Time 30 [min]
Minimum Cruise Altitude 20 [m]
Selling Price $99,575
Operational Empty Weight 197 [kg]
Payload Mass 105 [kg]
Noise level 71 [dB]

Business Case

Before conducting technical design, a market analysis was conducted to establish a customer base
to guide the design processes. Based on comprehensive PESTEL, Porter and SWOT analyses, the
UAE market was selected for its supportive regulatory framework, advanced infrastructure and strong
cultural acceptance of emerging technologies, creating a favourable environment for market entry. Fur-
thermore, alternative markets outside of the UAE were analysed to allow for future expansion. The
countries explored include: the Kingdom of Saudi Arabia, Singapore, Qatar and the United States.
These countries share common characteristics with the UAE in terms of high income, innovation in-
vestment and urban congestion problems.

Following the market evaluation, a detailed financial analysis was conducted using NASA’s aerospace
cost modelling methodology. Costs were divided into recurring (COTS components, manufacturing,
and assembly) and non-recurring categories (R&D, certification, and production facilities). Incorporat-
ing learning curve effects for the recurring costs and a conservative risk-based contingency model, a
target selling price was established. With a profit margin of 22.5%, the final price was set at $99,575.09
as presented in Table 2, meeting the stakeholder requirement to stay below $100,000 while maintaining
long-term financial viability.

Table 2: Total per-unit price breakdown at a production volume of 1,000 units per year.

Cost Component Per-Unit Value [$]
Recurring Costs 64,936.89
Non-Recurring Costs (Amortised) 16,360.74
Total Cost (before profit) 81,297.63
Per-unit Profit (22.5%) 18,277.46
Final Selling Price 99,575.09

In order to determine the financial viability of Owl-22, two investment analyses were performed. The
return on investment (ROI) calculation resulted in a value of 1.11 over a projected production run of
15,000 units across 15 years. Nevertheless, the obtain a more accurate indicator of the financial viability
of the investment, the Net Present Value (NPV) was calculated. The NPV remained negative across
conservative discount rates (4—-12%), indicating that the investment will likely not be profitable. In order
to improve the financial performance of the investment, clear pathways have been identified, including
scaling production, securing development grants, and optimising the revenue model over time.

The resulting business case positions Owl-22 as a financially viable, strategically differentiated, and
market-aligned solution in the emerging personal air mobility sector.
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Vehicle Design Overview

Owl-22 is designed as a compact, efficient and safe personal aerial vehicle which optimises perfor-
mance. At the heart of these performance characteristics lies the propulsion system selection. A
hybrid configuration has been selected, consisting of two coaxial rotors at the rear and two cyclorotors
at the front. This layout was chosen to control noise emissions while maximising manoeuvrability and
lift. The cyclorotors provide 360° thrust vectoring. This enhances control at low speeds and hover
stability. The cyclorotors operate at 60% of their maximum capacity to extend their lifespan. They are
positioned lower than the coaxial rotors in order to avoid aerodynamic interference.

The coaxial rotors are powered by separate brushless motors, which increases the lifespan of the
system. The rotors are made of carbon fibre. The coaxial rotors setup is designed to minimise the
blade-vortex interaction noise. This is done through corotation and unequal rotor diameters. Further-
more, trailing-edge serrations has been added to optimise the turbulence of the propellers resulting
in noise reduction. The final configuration consists of two-bladed propellers with NACA 4412 airfoils.
This selection enables the vehicle to operate at 50-60% of its maximum thrust, ensuring reliability and
efficiency. Aerodynamic simulations have shown minimal flow interference between the propulsion
systems. Safety is enhanced through physical separation and structural offsets, preventing damage
propagation in the event of blade detachment or motor failure.

Powering this propulsion system is a high-voltage solid-state battery (SSB) pack, selected for its thermal
stability, high energy density, and long-term reliability. The battery contains energy of approximately
19.8 [kW h] with a mass of just 66 [kg], enabling a typical range of 30 [km] under standard flight con-
ditions. A modular layout was adopted to support fault tolerance and ease of maintenance, allowing
safe continued operation in case of localised failure. Although structural batteries were considered,
their added complexity could not be justified without a substantial performance benefit. Battery safety
is further supported by a modular Battery Management System (BMS), which monitors both cell- and
module-level performance and interfaces with the flight controller via a Controller Area Network (CAN)
bus. The BMS handles thermal regulation through a combination of passive heat sinks and active air-
based cooling. Liquid cooling is excluded in this iteration but remains an option for future redesigns,
should thermal constraints tighten.

As part of the avionics suite, Owl-22’s Human-Machine Interface (HMI) features a yoke with an iPad
in the middle of it, mimicking a Formula One-style steering wheel. To best utilise the iPad screen, an
Electronic Flight Instrument System (EFIS) is used to digitally display the required instruments. Ad-
ditionally, vertical and horizontal vehicle translation can be done through the iPad directly if preferred.
Lastly, to ensure an easier learning curve for users, the pedals are used as acceleration inputs to better
resemble a car.

To ensure safe operation, Owl-22’s external avionics were divided into a communication suite and a
sensing-and-navigation suite. Together, the two parts would constitute the necessary data flow on a
hardware, as well as a software level. For the communications suite, the components are summarised
in Table 3.

Table 3: Communication suite components.

Component Use

Two-way very-high frequency (VHF) radio All voice communications.

Aircraft Communications Addressing and Reporting System Data communication with both Air traffic
over IP (AolP) control and Owl-22 HQ.

Automatic Dependent Surveillance-Broadcast (ADS-B) Out Relaying position information.

Basic visual flight rules (VFR) instruments Communicating vehicle state to user.

The VFR instruments consist of an airspeed indicator, altimeter, temperature gauge, magnetic compass,
an Emergency Locator Transmitter (ELT), for relaying location after a crash and both navigation and
anti-collision lights for visibility. By adhering to VFR only, the user would need to undergo minimal
flight training and face an easier learning curve compared to learning the significantly more complex
instrument flight rules (IFR).
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The navigation and sensing suite consists of an inertial measurement unit (IMU), a GNSS transpon-
der and LiDAR for primary state measurements, such as altitude, attitude, position and velocity. For
this, they would need to be integrated in a tight architecture including filtering techniques to adjust for
measurement errors. The LiDAR would also be responsible for obstacle detection, providing a 20-
meter omnidirectional detection range. Moreover, a camera would be positioned nadir for extending
the user’s vision, for example, during landing. This architecture is complemented by the iPad, which
provides redundant navigation and inertial sensors.

Outside of human control, Owl-22 features semi-autonomous capabilities, leveraging a deep Rein-
forcement Learning (DRL) algorithm for automated take-off and landing. Specifically, the Returns
Uncertainty-Navigated Distributional Soft Actor-Critic (RUN-DSAC) algorithm is used due to its fine-
tuning of model riskiness, as well as an improved ability to generalise. To provide the ideal user experi-
ence in terms of safety, timeliness and energy efficiency, Proximal Policy Optimisation (PPO), another
DRL algorithm, is used to determine the optimal path for a given journey.

Given the high ambient temperatures expected in the UAE and the criticality of vehicle safety, a Prog-
nostics and Health Monitoring (PHM) system was integrated into Owl-22 to ensure safe, reliable, and
maintainable operation. The PHM system enables real-time fault detection, isolation, and health state
prediction by combining onboard with ground-based systems. Using a top-down approach, the system
is structured across functional, logical and physical domains. The system consists of five core mod-
ules: data acquisition, data processing, fault diagnostics, prognostics and health management. These
modules operate in sequence to support predictive maintenance. The battery PHM system is further
elaborated since it is identified as the most risk-sensitive subsystem of the vehicle. A physical archi-
tecture was developed that mitigates risks such as thermal runaway, cell imbalance and over-voltage.
Future work should expand the PHM framework to other subsystems and select specific hardware and
algorithms to further mature the design.

The structure of the vehicle would need to house the person as well as carry the propulsion loads
on the vehicle. Furthermore, it would need to fold to ensure the vehicle would comply to the volume
requirements set on it. For this reason, it was split into two parts, with the main airframe connected
to the propulsion units and carrying the loads introduced onto it by the user-supporting structure. The
main airframe would be made out of AI7068-T6511, manufactured using primarily extrusion. The skin
of the airframe, which would also assist the aerodynamic properties of the vehicle, would use the same
material.

The user-supporting structure would then consist of the floor, also made of aluminium alloy, the seating
and the side-skin of the vehicle. As depicted in Figure 2, such a separation of the structure would
facilitate folding the vehicle in the longitudinal direction. This would make use of telescoping beams
and an accordion-like side-skin made of polyphenylsulfone (PPSU) plastic and Dyneema fabric. The
canopy, which would be made out of impact-modified polymethyl methacrylate (PMMA), would fold over
the folded structure, with the arms of the coaxial rotors folding inwards of the structure.

User-supporting structure  Main airframe
NoA 5 q
11 Side-skin
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Figure 2: Owl-22 folding concept.

Finally, to ensure compliance with performance and safety objectives, the systems engineering process
included a full verification and validation (V&V) plan, requirement compliance matrix, and technical risk



assessment. The verification and validation plan outlined the strategy employed to ensure the software
and hardware products function correctly, and furthermore, the plan highlighted the procedures that
must be taken in order to ensure that the final product will meet the requirements set at the beginning
of this project. The requirement compliance analysis was conducted to guarantee that the design
outputted thus far complies with the requirements, followed by a justification for the cases where a
requirement has yet to be met. The technical risk assessment evaluated the critical risks that the
system is expected to face, followed by a mitigation plan detailing the measures taken to prevent the
risk, and a contingency plan in the case of the risk occurring. From the risk assessment, it was evident
that the health of the battery was a major concern, which was mitigated through a thorough design of
the battery management system.

Mission Execution and Lifecycle Strategy

To ensure the Owl-22 is not only technologically progressive but also operable in daily life, a compre-
hensive operations and logistics framework was established. The vehicle is designed for seamless
integration into urban environments, leveraging its compactness and VTOL capabilities to enable use
without the need for large infrastructure. Its six-phase mission profile, from pre-flight to charging, is
built around safety and minimal user effort. Interaction is centred on an iPad interface, supplemented
with intuitive physical controls to ensure safe operation by non-professional users. The logistics sup-
port concept prioritises low-maintenance requirements, enabled by onboard diagnostics and predictive
monitoring. A UAE-based production strategy ensures efficient distribution. A robust end-of-life con-
cept embraces circular economy principles through a digital material passport.

Sustainability has been a guiding principle throughout the design of the Owl-22. The project integrates
environmental, economic, and social sustainability into a unified framework. Environmentally, material
selection prioritised long-term viability, and key design decisions, such as the use of energy-efficient cy-
clorotors and solid-state batteries, were made to reduce operational emissions. A lifecycle assessment
(LCA) revealed that most emissions are generated during flight operations, reinforcing the importance
of energy efficiency as a design priority. Social sustainability was addressed by minimising noise im-
pact, which is particularly critical given the Owl-22’s low cruise altitude of just 20 metres. In parallel,
local manufacturing supports national employment objectives and aligns with initiatives such as “Make
it in the Emirates.” From an economic perspective, the Owl-22’s ability to reduce travel time, combined
with compatibility with green finance models, strengthens its long-term value proposition in the urban
mobility landscape.

The post-DSE development of Owl-22 follows a structured six-phase roadmap to ensure technical
maturity, regulatory approval, and market readiness. The roadmap begins with the finalisation of the
detailed design, underpinned by extensive software and hardware testing. In the second phase, individ-
ual subsystems are tested to validate performance and identify potential issues early. These systems
are then integrated into a full-scale prototype during the third phase, where ground and flight tests
are conducted to verify system-level behaviour. Upon successful testing, the fourth phase focuses on
certification readiness, followed by a gradual production ramp-up in the fifth phase. The final phase
culminates in market entry, supported by tailored pilot training and early operational feedback loops to
ensure smooth adoption and continuous improvement.

In conclusion, Owl-22 tackles urban congestion in postmodern cities like Dubai by introducing a per-
sonal aerial mobility solution that bypasses ground traffic entirely. Its compact, foldable design, vertical
take-off and landing capabilities, and intuitive iPad-based controls enable accessible travel for everyday
users. With a coaxial-cyclorotor propulsion system and a solid-state battery, Owl-22 delivers efficient,
low-noise operation aligned with the UAE’s sustainability goals. By combining advanced tech, user-
centric design, and sustainable principles, Owl-22 offers a practical solution for future urban mobility.
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1 Introduction

Cities worldwide are approaching a critical inflexion point in transportation infrastructure. Conventional
forms of transport, such as cars, subways and buses, are starting to reach their limits under escalat-
ing congestion, worsening air quality, and an ever-growing demand for personalised mobility solutions.
These challenges demand transformative solutions that either optimise existing networks or find effi-
cient alternatives. Among the emerging solutions, urban air mobility stands out as a promising option,
offering the potential to bypass ground-level constraints. While much of the current attention has fo-
cused on air taxis for shared use, there remains a largely unexplored niche: personal aerial transport
that is swiftly deployable and can be stored within a small volume.

This report documents the development of such a system, which has been named ‘Owl-22’. The primary
objective of this report is to provide a detailed design for the project itself, the vehicle and its subsystems.
Before advancing to the detailed design stage, the project underwent a preliminary design phase during
which concepts of the Owl-22 were reviewed through a series of system and sub-system level trade-off
analyses. A wide range of design options was evaluated, ensuring the selected designs comply with
the mission requirements and design philosophy. The selected design concepts and components are
examined in greater detail in this report. The different concepts are then systematically integrated to
form the final complete vehicle architecture.

The report begins with establishing the selected concepts in Chapter 2. It then delves into the subsys-
tem design by first discussing the propulsion subsystem in Chapter 3, where the rotor design alongside
its aerodynamic and acoustic properties. The power subsystem is detailed in Chapter 4, which outlines
the battery characteristics and also introduces the battery management system that aims to preserve
the health of the battery. This is followed by the avionics suite design is presented in Chapter 5, which
describes the main electronic components required for the basics functioning and safety of the vehicle.
The prognostics and health management framework is then introduced in Chapter 6, elaborating on the
diagnostic architecture employed by the vehicle to ensure effective fault detection and health manage-
ment. Subsequently, the stability and control characteristics of the vehicle are discussed in Chapter 7.
The subsystem design is concluded in Chapter 8, where the structural design is established along with
the integration of all the subsystems to produce the final system design.

Consequently, the report then shifts focus to the overall system perspective. Chapter 9 discusses
the operations and logistics concept, detailing how the vehicle would achieve mission objectives while
remaining affordable and scalable. This is followed by the sustainability assessment performed in
Chapter 10, which evaluates the Owl-22’s impact on the environment, society and economy. The
business case for this project is elaborated in Chapter 11, including a comprehensive market analysis
and financial planning. Chapter 12 discusses the systems engineering aspects for the vehicle, covering
topics such as verification and validation, requirement compliance, and risk analysis. The project design
and development logic are then presented in Chapter 13, which outlines the strategic roadmap for
future development beyond the current design phase. Finally, the report is concluded in Chapter 15,
presenting a summary of key findings.



2 Concept Design

For the detailed design process, a concept design must be established. This is done to outline the
functions and development process of the entire system. This chapter details the conceptual design of
the Owl-22, a personal aerial vehicle for urban transport in the UAE. This is done by firstly establishing
the design enabler, which would provide a guideline in the design selection. The design enabler would
be explained and elaborated in Section 2.1. In Section 2.2 the stakeholder requirements would be
addressed. This would include the requirements for performance, usability, safety and sustainability. In
Section 2.3, a functional analysis would be conducted, determining the actions the Owl-22 would need
to perform. Finally, in Section 2.4 the system architecture and the interface between the subsystems.

2.1. Design Enabler

When designing products with a vast design space, it is important to follow a consistent philosophy
to motivate the selection of design options. For example, assuming that two design options perform
very similarly in a trade-off, the decision would be quite challenging. To provide a uniform method
that consistently assess both macro and micro-level trade-offs, it was decided that a 'performance’
based philosophy will be followed. This is done for multiple reasons. Firstly, this approach hinges
largely on the concept of energy-efficiency, since aircraft performance depends on a delicate balance
between propulsive output and its Operative Empty Weight (OEW). This means that one of the central
tenets of this project aligns directly with the project’s approach to sustainability, thereby enabling their
compatibility.

Moreover, a vital reason for this choice was the decision to target the UAE market. Here, locals and
expats share a materialistic, trend-centric culture, which is best exploited by designing a visually attrac-
tive and unique product. While it is not the aim for Owl-22 to feed into such a culture, it is financially
essential that this social behaviour is sufficiently considered by the final design. Another method to
attract customers would be by designing a luxury vehicle. However, such an enabler would largely be
antithetical to the goal of making a compact vehicle, as well as sustainability goals.

To better illustrate how this enabler is enforced, consider a simple example between two (hypothetically)
closely ranked designs. Design A is more compact and foldable than Design B, which is a larger, more
aerodynamic option. In this case, Design B would be chosen since it better adheres to the performance
policy. Hence, adopting a performance design enabler recalibrates the vision of Owl-22, originally
intended for the more cost-wary, sustainability-oriented European market, thereby aligning the design
more with the Emirati market whilst still maintaining its core aims.

2.2. Stakeholder Requirements

To determine how the system performs, the requirements it should fulfil must be analysed. The stake-
holder objectives provide a foundational set of specification, which are later expanded into a compre-
hensive requirements framework, which would be formulated in each relevant chapter. The stakeholder
objectives, covering performance, usability, safety and sustainability criteria are included in Table 2.1.
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Table 2.1: Initial stakeholder objectives.

Specification Detail

Maximum transportable mass 200 [kg], transportable by one person

Maximum volume 4 [m?]

Range and speed 30 [km] range, 60 [km/h] max speed

Deployment time Less than 2 minutes

Flight capabilities VTOL, min cruise altitude 20 [m]

Power supply Rechargeable battery preferred (< 35% of total weight)

Control Operable via electronic device

Payload capacity One passenger (max 100 [kg]) + 5 [kg] utilities

Usage frequency 5 days/week, 500 flights/year

Maintenance Maintenance-free for first 2 years

Security No-fly zones enforced

Diagnostics Real-time monitoring of system faults and structural damage
Noise level Max 75 [dB] (urban ambient level)

End-of-life considerations Service extension, recyclability, down-cycling, or waste treatment
Regulation Compliance with relevant airspace and certification regulations
Safety Safety of pilot and bystanders is ensured

Production volume 1000 units/year

Selling price < '$ 100,000 per unit

Table 2.1 includes the updated requirements. As the initial requirements have been updated based on
feasibility. Where the maximum volume was initially 1 [%] volume and it has been updated to 4 [m?].
The battery total weight was initially 30% of the total weight, however after evaluating and assessing
this requirement it has been updated to 35% of the total weight. Also, the minimum range and maximum
speed were 20 [km] and 40 [m/s] respectively, and have been updated to 30 [km] and 60 [m/s]. Finally,
the initial flight altitude has been adjusted to a minimum cruising altitude of 20 [m], as it initially was a
maximum altitude of 20 [m].

2.3. Functional Analysis

In order to determine what actions the personal air transportation vehicle needs to be able to perform
and aid the creation of requirements for the design process, a functional analysis is performed. The
functional analysis is performed in two stages. First, the functional flow diagram (FFD) is created, in
order to identify the timeline of tasks and their dependencies. The outcomes of the (FFD) in Subsec-
tion 2.3.1. Afterwards, the functional breakdown structure (FBS) is created, where the identified func-
tions are organised in an ’AND tree’ based on the stages of the aircraft operation. Further description
of this is included in Subsection 2.3.2.

2.3.1. Functional Flow Diagram

The first tool to determine the system functions is the functional flow diagram. This is crucial for the later
compiling of the requirements, as the process identifies the necessary functions and actions related to
the aircraft lifecycle. In this case, the flow diagram is constructed by chronologically going through the
lifecycle of the aircraft. This process identifies key functions the aircraft must perform during operation,
as well as essential functions required for its design, certification, delivery, maintenance and retirement.
These functions are then broken down further into smaller, more specific functions, such that each
higher-level function has its own functional flow presented. Overall, the flow diagram is divided into
five functional levels, outlining their dependencies. It includes both AND and OR junctions, indicating
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whether functions should be performed simultaneously (AND) or if only one need to be performed (OR).

2.3.2. Functional Breakdown

Another tool used to analyse the aircraft’s functions is the functional breakdown. While the functional
flow diagram displays the functions depending on the order in which they need to be logically performed,
the functional breakdown provides insight into the functions’ hierarchy. This helps with determining how
to separate subsystems and organise the design process.

The functional breakdown is an 'AND tree’ structured such that the first level shows the different life
stages of the aircraft. On the second level, these functions are broken down further into different high-
level actions of the aircraft, such as 'Deploy the System’. These are then divided into different aspects
of each action, such as 'Turn on on system electronics’ and 'Check airworthiness’ on level 3. Lastly,
levels 4 and 5 present small-scale functions such as 'Establish system state’, which is broken down
further into functions like 'Perform Diagnostics’.
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The Owl-22 system will be an intricate web of connections between the subsystems.
presents these interconnections between subsystems and the environment. Everything inside the grey
boundaries demarcates the operations within Owl-22. The different arrows represent flow of data, com-

mands and energy.

An alternative way of viewing the architecture is provided in Table 2.2 where the interaction with the
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Figure 2.1: System architecture flowchart.

structure is also presented.

Table 2.2: N2 system architecture chart.
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3 Propulsion

The propulsion system is a critical system, which is responsible for generating the necessary thrust to
achieve lift and controlled flight. In Section 3.1, the requirements that the propulsion has to fulfil are
established. Section 3.2 includes the design, selection and sizing process of the propulsion system,
which consists of coaxial and cyclorotors. Followed by Section 3.3, which indicates the noise mitigation
process for both propulsion subsystems, the coaxial and cyclorotors. In Section 3.4, an aerodynamic
analysis was conducted, estimating the forces, pressure, turbulence and its effect on the environment.
Finally, the maintainability, safety and reliability of the propulsion system have been discussed, which
could be found in Section 3.5.

3.1. Propulsion System Requirements

The propulsion system is a critical system for the vehicle’s performance, which would have to fulfil some
essential requirements. The requirements relevant to the propulsion system are presented in Table 3.1.

Table 3.1: Propulsion system requirements.

ID Description

REQ-STR-TPT-01 The total mass of the fully assembled vehicles in its operational configuration shall
not exceed 200 [kg], excluding the pilot and any external control device.

REQ-FP-PAY The vehicle shall be capable of transporting a total payload of at least 105 [kg] over
the full mission profile.
REQ-FP-VTOL The vehicle shall be capable of vertical take-off and landing (VTOL) from a sta-

tionary position on flat terrain, without the need for external launch or recovery
infrastructure, within a ground footprint of 8 [m] x 8 [m].

REQ-SUS-NOI The system shall produce noise levels no greater than 75 [dB].

REQ-SAF-PIL The vehicle shall protect the pilot from life-threatening injury during all phases of
nominal operation.

REQ-FP-PAY and REQ-STR-TPT-01 indicate the weight of the vehicle and payload, which results in
a 305 [kg] take-off weight, which the propulsion system must provide. However, the system also has
to account for upward acceleration. This would require higher thrust levels than the maximum take-off
weight. To ensure the system can meet this, the requirement is set to be 310 [kg].

3.2. Propulsion System Design/Selection

This section outlines the selection and design process of the propulsion components, focusing on cy-
clorotors and coaxial rotors; the chosen lift devices from the conducted trade-off. Where two cyclorotors
would be positioned in front of the vehicle and two coaxial rotors would be positioned in the rear, slightly
higher than the cyclorotors. This was done to avoid the interaction between the two propulsion systems.
Both coaxial and cyclorotors would be required to provide a minimum thrust of 155 [kg] separately, as
the centre of gravity is assumed to be in the centre of the vehicle.

3.2.1. Cyclorotors

Cyclorotors were chosen as a part of the propulsion system for their unique characteristics. As it could
provide 360° thrust vectoring, making it highly manoeuvrable and smooth in the transitioning phase
between hover and forward flight. The two cyclorotors that would be used for the propulsion system of
the vehicle will be acquired from Cyclotech. To provide sufficient lift for the entire system, the CR-84
cyclorotor would be used, which could be seen in Figure 3.1. As the CR-42 does not provide enough

8



3.2. Propulsion System Design/Selection 9

thrust and the CR-60 would have to operate at its maximum thrust throughout the entire mission, to
provide sufficient thrust. This would make the CR-60 very inefficient and would not account for any
safety margin. Also, comparing the CR-84 to the CR-42 and CR-60, the CR-84 has a higher efficiency
and has a higher thrust-to-mass ratio [1].

Each CR-84 can provide a maximum thrust of 152.8 [kg]. However, the cyclorotors would be required
to provide only 60% of their thrust, for higher efficiency, to maximise their lifespan and to increase the
reliability and safety of the system [1].

Figure 3.1: The CR-42 model [1].

3.2.2. Coaxial Rotors

The coaxial rotors consist of two main components, the propellers and the motors. To optimise the sys-
tem’s design and minimise mechanical complexity, each propeller within the coaxial setup is directly
driven by its own dedicated motor. This independent motor-propeller configuration simplifies the over-
all mechanism by eliminating the need for intricate gearboxes or power-splitting devices that would
otherwise be required to drive multiple propellers from a single motor.

Design Decisions

In the propeller designing process, the main consideration was the noise. That is due to REQ-SUS-NOI,
which has to be fulfilled while providing sufficient thrust to lift the system. Especially due to the high
noise level that the coaxial rotors generate, as they are considered to be the main source of noise.

To reduce the noise the coaxial rotors generate, the noise generated by the propellers is split into three
main noise components. This is done considering the propellers are the main source of noise in the
coaxial setup. The three noise sources are the thickness, loading and blade vortex interaction noise.
The thickness noise accounts for the displacement of air due to the propeller motion. This is mainly
relevant for the airfoil selection. The loading noise is dependent on the loads that the air applies to the
propellers [2].

Looking at the three noise types, the blade vortex interaction is considered to be very high in a coaxial
setting. To reduce the vortex interaction noise of the coaxial propellers, two decisions have been made.
The first decision is to have a corotating propeller instead of contra-rotating propellers, as this has a
considerable interference reduction, resulting in a lower noise [3]. However, this also reduces the thrust
output of the coaxial rotors compared to counterrotating by 10% [4]. The second decision is to use a
smaller spanned propeller for the lower propeller, compared to the upper one. This is done to ensure
the vortex of the upper propellers does not interfere with the lower propellers.

To reduce the loading noise and the tip vortices, a serration would be applied on the trailing edge of the
propellers. This design option is inspired by serration on the owl’s wings, which results in their silent
flight [5]. This would improve the aerodynamic property, reducing the turbulence at the trailing edge.
As a result, the noise would be reduced.

Propeller Sizing

The main aspect of the coaxial rotors is the thrust generation. The coaxial rotors would be required
to provide thrust, which is equal to 155 [kg]. To achieve this thrust the propellers would be sized
accordingly. As mentioned earlier in the section, each propeller of the coaxial rotors would have a
different span length, thus each propeller would be sized separately.
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The first decision that was made regarding the propellers was to have a two-blade propeller. This is
because the propellers with two blades generate less drag, improving their efficiency [6]. Also, the two-
bladed propellers require less material, which saves on weight and manufacturing cost. Furthermore,
two-bladed propellers are more compact and easier to store compared to multi-bladed propellers, which
require more space due to their extended blade arrangement.

Based on the database of MadComponents and Hobbywing, a comparison was done to select a pro-
peller. This was done based on the essential thrust requirement and the size requirement, as the
propellers would require a large area. The coaxial rotors are expected to operate around 50% of their
maximum thrust. This assumption is made to include the safety factor. This percentage was obtained
by comparing the propeller’'s maximum thrust to its operational thrust, which is around 50% [7, 8].

From the database, the propellers that provided the required thrust and had the smallest area were
chosen. Based on this selection, two propeller options remained. These two propeller designs that
were chosen are the Hobbywing P50M 64x20” and 54x23”, which could be seen in Figure 3.2 and 3.3
[8]. The propeller with the larger span is attached above the motor, whereas the 54” counterpart will be
placed beneath it.

1625

+0.30
Front Side 6-96 0 EGS

20.80

Figure 3.2: CAD drawing of the P50M 64"x20” propeller design, including the dimension in [mm] [8].

Front Side ®60
6-(6.30 EQS

25.20

Figure 3.3: CAD drawing of the P50M 54"x23” propeller design, including the dimension in [mm] [8].

Based on the chosen propellers, the chord and twist distribution could be found. This could be found
in Figure 3.4. The airfoil, however, is not known; therefore, an airfoil had to be selected to achieve
similar results. For the airfoil selection, it is important to note that, as long as the airfoil selected has a
reasonable drag polar, it does not have a huge effect on the performance of the propeller, as optimising
the twist would have a larger effect [9]. Thus the airfoil selection is done based on the commonly used
airfoil, which are NACA 4412 and Clark-Y airfoils [10]. To find the optimal airfoil, the drag polar, which
is the lift coefficient divided by the drag coefficient of these two airfoils, was compared. This was done
by first finding the Reynolds number and airspeed of the propeller. Along the span of the propeller,
different airspeed is observed on each cross-section; thus, it was determined to look at 75% of the
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Figure 3.4: Chord distribution of the chosen propellers.

blade span, as this position is usually used as a representative reference point [11]. Looking at both
the 54” and 64” propellers, which would be rotating at around 2600 and 2200 [rpm] respectively. This
would result in approximately a Reynolds number of 400000 and an airspeed of approximately 70 [m/s]
[12]. Based on this, the drag polar was computed, which could be seen in Figure 3.5.
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Figure 3.5: The drag polar of Clark Y and NACA 4412 airfoils [13].

Based on Figure 3.5, it could be seen that the NACA 4412 has a higher lift to drag ratio and also has
a higher maximum lift coefficient. For that reason this airfoil was chosen for both propellers.

Since the airfoil used in both Hobbywings propellers is similar to the NACA 4412 airfoil, and because
the performance of the propellers is mainly dependant on the twist and chord of the blade, which is
also similar to the existing propellers, an assumption could be made that the performance is going to
be similar [8].

Finally, after the propeller design, the serration at the end of the trailing edge was applied. A serration
along the entirety of the propeller span has been avoided to reduce the manufacturing cost. Thus,
a decision has been made to cover only 50% of the ends of both propellers with the serration. This
decision has been made because the main thrust of the propellers is produced around 75% of its radius
with respect to the root. Thus, at 75%, the main loading noise would be generated, and the serration
would be applied for 25% of each side of that point. This could be seen in Figure 3.6, where the serrated
part is indicated by red. This would ensure a noise reduction of the main noise source.
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Figure 3.6: CAD drawing of the propellers with the serration location.

For the serration, a sawtooth configuration has been used. The associated dimensions are indicated
in Figure 3.7, where )\ indicates the serration wavelength and 2/ indicates the serration height. Where
the ratio A = 2h, as this is the optimal ratio as it ensures approximately a noise reduction of 7 [dB],
compared to a non-serrated surface [14]. The serration would be applied along the second half of the
trailing edge of the propeller. The serration would be applied with A = 0.1d, assuming d is the total
serration distance, which is indicated in Figure 3.6 [15]. The serration distance is 343.75 [mm], which
is calculated from the propeller’s dimensions. This would result A = 34.4 [mm].

Figure 3.7: The sawtooth serration dimensions.

Finally, to ensure the two coaxial rotors’ tip vortices do not interact, a clearance has been added. This
results in a more efficient system and noise reduction. The minimum clearance that must be maintained
is 20% of the propeller radius, ensuring no vortex interactions occur between both rotors [16].

Propeller Material selection

The material selected for the propellers is carbon fibre reinforced polymers. Even though the material
cost is higher, it has a very light weight compared to aluminium and stainless steel, which complies
with the strict weight requirement. It also performs quite well with respect to durability, as it does
not significantly degrade under sunlight (UV) radiation. They also provide great corrosion resistance,
increasing the reliability of the system [17].

Since the same material will be used for the propellers as the reference propellers, and because the
geometry of the propellers used is also similar, the weight of the propellers could be found. The weight
of the 64” and 54” propellers is 860 and 707 [g] respectively [8].

Motor Selection

Two motors would be powering each coaxial rotor. The motor would be required to produce at least
100 [kg] of maximum thrust, as the motor would be operating between 40-50% of its maximum output.
This is done to ensure a reliable and safe system and also to prolong its lifespan. For the motor design,
a brushless motor would be selected over a brushed motor. Although brushed motors are cheaper,
brushless motors have higher efficiency, longer lifespan and require less maintenance. To compare
the motors for the selection, the rotation per voltage of different motors would be compared, which is
indicated as KV. A few motors that are capable of providing sufficient power were selected from the
Hobbywing and Madcomponent databases, which could be found in Table 3.2 [8, 7].
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Table 3.2: Motor selection for the coaxial rotors[7, 8].

Motor KV | Motor Weight [kg]
M90C60 [7] | 9.9 | 12.7
M60C60 [7] | 8.5 | 9.20
M60C50 [7] | 9.5 | 7.50
P50M [8] 11 | 4.25

Comparing the KV value of different motors, the P50M motor has the highest value, meaning it has a
higher efficiency. Also, it has the lowest weight compared to other motors. With that, the P50M motor
is selected, which would be used for the coaxial rotors. This would be done by installing two P50M
motors, for each coaxial rotor, where each motor would be powering one of the propellers on each of
the coaxial rotors.

3.3. Noise Mitigation

The vehicle will operate in urban environments, requiring strict noise compliance to minimise distur-
bance and ensure sustainability. The primary noise source is the propulsion system, which consists of
four subsystems: two cyclorotors and two coaxial rotors.

The noise the cyclorotros generate is computed using the results of the noise test performed by Cy-
clotech. This test was done by operating the cyclorotors at their maximum performance and measuring
the noise at 100 [m] distance. Converting the results to 20 [m], which is the cruising altitude, results in
66 [dB] [1, 18].

The noise levels of the cyclorotors were estimated using test data from Cyclotech. During testing, the
cyclorotors were run at maximum performance, with noise measurements taken at 100 [m] distance.
Converting these results to the vehicle’s cruising altitude of 20 [m] results in a noise level of 66 [dB] [1,
18].

Estimating noise generated by coaxial rotors presents significant challenges. To address this, the analy-
sis first computes the noise of a single propeller and then extends the results to the coaxial configuration.
After that, design decisions are incorporated into the noise estimation.

To estimate the single rotor noise, Hanson’s Model was implemented. This model calculates both tonal
noise (from blade passing frequencies) and broadband noise (from turbulent flow) based on propeller
geometry, operational parameters, and observer position. The model required inputs including pro-
peller dimensions, flight conditions, aerodynamic coefficients, and measurement distance. This would
provide a maximum sound pressure level of 70 [dB] for the single rotor configuration [19, 20].

While both the single-layered and coaxial rotors operate at the same fundamental blade passage fre-
quency, the coaxial rotors produce a 10 [dB] higher sound pressure level (SPL) compared to single
rotors. This increase results from aerodynamic interactions between the counter-rotating propeller pairs
[21].

Implementing different-sized propellers reduces the blade vortex interaction, resulting in a SPL reduc-
tion of 6 [dB] [22]. Additionally, using corotational upper and lower rotors instead of contrarotational
ones provides a 4.5 [dB] noise reduction [3]. Finally, applying serration to the blades results in an
additional SPL reduction of 7 [dB], as mentioned in the previous section. An overview of the impact of
these design decisions on the noise of the coaxial rotors could be found in Table 3.3.
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Table 3.3: The impact of the design decision on the overall noise of the coaxial rotors.

Design decision Effect on noise
Coaxial rotors + 10 [dB]
Different sized propellers | - 6.0 [dB]
Corotational -4.5[dB]
Serration -7.0[dB]

Based on the above effects, the maximum noise generated by a single coaxial rotor is approximately
63 [dB] at 20 meters distance. However, the vehicle contains four noise sources, two coaxial and two
cyclorotors. Accounting for the noise interaction of these four sources results in 71 [dB] at 20 meters
distance [23]. Based on this value, it can be concluded that the vehicle is able to comply with the noise
requirement.

Yearly, 1,000 vehicles are produced, meaning approximately 10,000 will be produced in the first decade.
This would result in a considerable number of vehicles flying in the same city at the same time, resulting
in noise interaction, increasing the noise observed by people on the ground. To estimate the maximum
noise observed on ground, it is assumed that all the 10000 vehicles are flying at the same time with
a maximum distance of 30 meters between them and at a 20-meter altitude. It is also assumed that
the noise of the vehicle would be omnidirectional. Based on this, the maximum noise observed would
be 82 [dB]. However, having 10,000 vehicles flying simultaneously in one city is an overestimation. In
reality, far fewer vehicles are expected to occupy such compact airspace simultaneously, meaning that
the real noise levels would be lower and the estimation is conservative.

To reduce this noise, three main mitigation strategies could be considered. Firstly, reducing the number
of vehicles that are flying simultaneously. However, this would be difficult to manage, as the pilots have
no restrictions on flight within designated flying zones. Besides, reducing the number of vehicles that
are operating at the same time from 10000 to 1000, would result in noise reduction of approximately 1
[dB], as could be seen in Figure 3.8a. This proves that the number of vehicles does not have a huge
effect on the noise reduction.

Secondly, increasing the flight altitude. By increasing the altitude from 20 to 80 meters, a noise reduc-
tion of 2.5 [dB] could be achieved as could be seen in Figure 3.8c.

The third method is by increasing the minimum distance between the vehicles. By slightly increasing
the separation distance, a noticeable noise reduction could be achieved. Decreasing the distance from
10 to 60 meters results in a 12 [dB] of noise reduction, as can be seen in Figure 3.8b. This also
enhances safety by ensuring a greater clearance distance.

000 o w0 10000 = S = s B » o .

(a) The impact of the number of vehicles flying  (b) The impact of the vehicle’s distance on the (c) The impact of the flight altitude on the
simultaneously on the total noise. total noise. noise.

Figure 3.8: The impact of different considerations on the total noise.
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3.4. Aerodynamic Analysis

Aerodynamic analysis allows for the estimation of the forces, pressures, turbulence, and other charac-
teristics crucial for understanding the propulsion system and its influence on the surrounding environ-
ment. CFD simulations were then run to simulate the two propulsion system types as well. Due to the
element number limit imposed by the Ansys software, together with being computationally expensive,
the propulsion system and the structure were simulated separately. The validity of this approach is
evaluated later in this section once the characteristics of the flow around the propulsion system types
are known.

In this section, the simulation set up is first discussed in Subsection 3.4.1. Then, the numerical model
and the solver algorithm are presented in Subsection 3.4.2. After these steps, the analyses for the
cyclorotors and the coaxial rotors are presented in Subsection 3.4.3 and Subsection 3.4.4 respectively.

Later in Chapter 8, similar analysis was performed for the structure, where characteristics like Cr,,..,.,.
and Cp,.,..,.,. were determined for both the preliminary and the updated structure.

3.4.1. Simulation Preparation

The simulation is carried out using the Ansys Workbench. This is a commercial software developed by
Ansys, Inc.; however, it offers free student access. For the purposes of this project, the tools integrated
into Ansys Workbench are considered to already be verified and validated [24]. The process starts with
simply importing the 3D model of the studied part. After this, an enclosure with an inlet and outlet is
created around the body, which represents the surrounding air. After this step, the body surface and
the enclosure need to be discretised, in order to allow for the computational method to be used. This
can be done in many ways; nevertheless, in this case, a fine mesh was used on the aircraft surface in
order to capture its complex shape. Meanwhile, a coarser mesh was used to discretise the enclosure.
Buffer layers were set up between these two entities to improve the smoothness of the transition from
one to the other. An unstructured mesh consisting of tetrahedra was used for the discretisation, since
it allows for the capture of complex shapes while retaining relatively high-quality elements. Overall, the
mesh element size was refined to approach the 10° element limit of the Ansys student license.

The first propulsion system type to be analysed was the cyclorotor. In order to analyse moving parts
like a propulsion system, relative movement needs to be imposed on parts of the mesh. Thus, mul-
tiple enclosures were created, one of which represented the stationary air domain, and the other(s)
representing the immediate vicinity of the rotating object. There was a significant limitation in terms
of the ability to realistically simulate the cyclorotor. This is because a model with 6 moving meshes
would be necessary, as there is the general rotation of the cyclorotor, but within the rotating reference
frame, each airfoil is rotating at a different angular velocity, which is also changing continuously. This
would firstly be computationally expensive to simulate and secondly, it would presumably require an
extremely high-quality, fine mesh to decrease the risk of divergence. In conclusion, it was decided to
study the cyclorotor without the airfoils being deflected, which should still provide a reasonably accurate
estimate of its parasitic drag.

3.4.2. Numerical Model
Fluid flow is described by the Navier-Stokes equations. These consist of the continuity equation de-
scribing conservation of mass and 3 momentum equations describing conservation of momentum in 3D.
An incompressible case is considered due to flight at low Mach numbers. The equations are outlined
below [25]:
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Here, g—g is the spatial derivative of the u-component of the local flow velocity with respect to displace-
ment in X. A similar relation applies to the other partial derivatives. In addition, p is the fluid density and
p is the static pressure. Lastly, f, g, and h are the body forces pg.., pg., and pg, respectively.

In practice, direct numerical simulation is extremely computationally expensive. Thus, models utilising
assumptions and simplifications are usually implemented. In this case, it was decided to use Reynolds-
averaged Navier-Stokes equations. This model uses Reynolds decomposition to convert the velocity
of the flow into a mean term and a fluctuating term.

wp = u; + (3.5)

The RANS equation itself will be written in Einstein notation for the sake of brevity. In this notation,
multiplication between a variable and a spatial derivative with certain subscripts is used to express
summation. An example is provided below.

vj-@ = a@ +@@ +w@
T0x;  Ox Oy 0z

The full RANS equation is as follows [26]:
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Familiar variables appear here, except for dynamic viscosity, which follows y = v % p. The last term
(—pujuf) is the so-called Reynolds stress. Further equations need to be introduced in order to close
the system of equations. For this purpose, the K — ¢ turbulence model, together with the Boussinesq
eddy viscosity hypothesis, is applied. The Boussinesq hypothesis states the following [27]:
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In this case, u; is the eddy viscosity and k is the turbulent kinetic energy. They can be obtained with
the following expressions [28, 27]:
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In this case, C,, is a constant with a typical, empirically obtained value of 0.09. The k£ — e turbulence
model by Launder and Spalding is then used to obtain expressions for the transfer of £ and ¢[28].
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Similarly to the previous case of C,,, oy, o, Cic, and Cy, are constants.

With the model equations set up, a 3D finite volume method (FVM) is used to numerically solve the
PDEs at all the nodes created by the mesh that was generated during the setup of the simulation. The
FVM essentially uses neighbouring cells or boundary conditions to calculate the derivatives and values
at inner nodes of the mesh [29]. Unfortunately, the mathematical expression for the 3D case and its
derivation are too long to include in a report like this, where the numerical method is not the main focus.

The SIMPLE algorithm is utilised for the calculation of the equation terms themselves. First, boundary
conditions are set. This is a crucial step with a significant effect on simulation convergence. In this
simulation, Dirichlet boundary conditions were used for all boundaries, meaning a variable had a fixed
value on the boundary. Firstly, the inlet into the test enclosure had a fixed inlet velocity of 17 [m/s].
Secondly, a no-slip condition was imposed on the walls of the enclosure, meaning that the velocity
was zero immediately on the surface. Lastly, a fixed pressure condition was set on the outlet of the
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enclosure. Next, as previously mentioned, the solver computes the gradients of velocity and pressure
on the individual nodes, using the FVM. Next, the momentum equations are solved and the intermediate
velocity field is computed. Then, the uncorrected mass fluxes are computed at the faces. The pressure
correction is then calculated and under-relaxation is applied for more conservative correction, in order
to not make the simulation unstable. Then, the boundary pressure corrections are applied and the
mass fluxes on the faces are corrected. The gradient of the pressure corrections is then used to
correct cell velocities. This process is iterated multiple hundreds of times over the whole mesh and the
convergence of desired characteristics like drag or lift, together with the "residuals”, is monitored. The
residuals are a useful tool to observe the amount of correction being applied between iterations and
should decrease and stabilise as the simulation progresses. Once the simulation converges, efforts
shift to post-processing.

3.4.3. Cyclorotor Aerodynamic Analysis

The drag coefficient obtained for the cyclorotor from the simulation was Cp_,.,, = 0.022. Meanwhile,
lift is also created by spinning the cyclorotor at 1700 [rpm] without any angle of attack on the airfoils,
purely by accelerating air over its top. This was found to be equal to C/, = 0.027. The flow over the
symmetry plane of the cyclorotor is visualised in Figure 3.9.

cyclo
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Figure 3.9: Airflow over the symmetry plane of the cyclorotor when in forward flight (positive z-direction) at 17 [m/s] airspeed.

In this figure, the cyclorotor is rotating clockwise. It can be observed that the flow accelerates on both
the top and bottom sides of the cyclorotor. However, due to the rotation, the top part accelerates the
flow more. This results in the top having lower static pressure and thus exerting a lift force.

Having examined the flow around the cyclorotor, its effects on the rest of the aircraft were evaluated.
It had been assumed that the rotor could be analysed separately. This is still considered a reasonable
assumption, as the cyclorotor draws the vast majority of the air from the clean flow in front, not from
the side where the structure interferes with it. This is illustrated in Figure 3.10.

Figure 3.10: Top view of the velocity field around the cyclorotor when in forward flight (positive z-direction) at 17 [m/s]
airspeed.
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It can be seen that while the air passes around the cyclorotor on the structure side, its performance
will not be affected, since it is far forward and draws air in front of it, not from the side. The air that is
passing around it will now need to be divided and pass over the top and bottom, which could cause
minor extra drag. Nevertheless, this effect is omitted from the analysis.

Another characteristic of the cyclorotor that should be examined is the wake. The wake was found
to be straight in the longitudinal direction (z-axis), which is not expected to change significantly when
mounted onto the structure. Furthermore, the wake is angled down by approximately 30 degrees.
This is desirable behaviour, as it suggests that the wake of the cyclorotor will not interfere with the
functioning of the rear coaxial rotors. It has also been confirmed by other research that this angle will
further increase when the cyclorotor operates as it normally would [30].

3.4.4. Coaxial Rotors Aerodynamic Analysis

Lastly, the properties of the coaxial rotors will be examined. A higher-fidelity analysis can be performed
than in the case of the cyclorotor, as there is inherently only one rotating frame, which can be accurately
modelled. The propulsion system was isolated such that the two corotating rotors were simulated with
the mount in between, since it likely has some effect on the efficiency and thrust of the overall coaxial
rotor.

The simulation determined that the coaxial rotors will add approximately Cp_,, ..., = 0.007 to the overall
configuration. This value is rather low but reasonable, since the rotors are analogous to a thin, circular
plate, which would have negligible pressure drag [31]. A visualisation of the flow around the coaxial
rotors is presented in Figure 3.11.
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Figure 3.11: Visualisation of the airflow through the coaxial rotors when in forward flight (positive x-direction) at 17 [m/s]
airspeed.

The coaxial rotors are at the very rear of the aircraft. In previous analysis, it was not identified that
the fuselage or the cyclorotors would significantly affect the flow in that location, meaning that the
assumption that the components can be analysed separately is considered valid.

3.5. Maintainability, Safety, and Reliability

The propulsion system is a critical component of the vehicle, requiring continuous maintenance to pre-
vent potential failures. Ensuring its safety and reliability is essential for long-term operation. This sec-
tion evaluates the system’s operational robustness, focusing on maintenance strategies, redundancy
measures, and safety considerations.

3.5.1. Maintainability

The maintainability of the system is crucial, as it ensures the system is fulfilling the safety and relia-
bility requirements. To simplify and decrease the cost and time of the maintainability and inspection
process, the entirety of the propulsion system is positioned outside the structure of the vehicle. This is
done to improve the accessibility for inspection and maintenance, as the full system does not require
disassembly.
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Furthermore, to reduce the maintainability cost, the subsystems of the propulsion system could be in-
spected and maintained separately. As for the coaxial rotors, propellers and motors could be inspected
separately and could be replaced independently, as this also does not require disassembly of the entire
system.

3.5.2. Safety

The propulsion system is a crucial part of the vehicle, which should comply with the safety requirements.
To account for the safety requirement, the propulsion system would be able to provide sufficient thrust
even when one of its components fails. This is done by having each subsystem operate at around
50-60% of its maximum output.

The propulsion system incorporates fail-safe measures to mitigate risks from component failures. For
the cyclorotors, the rotational plane ensures that any ejected parts will be emitted outward away from
the vehicle structure due to their rotational axis orientation. In the coaxial rotor assembly, the upper
propeller’s rotational plane is offset from the main airframe, ensuring no ejected parts would be emitted
toward the main airframe. While the lower propeller rotates parallel to the airframe, a clearance gap
is maintained between the propeller’'s blade and main airframe structure. This design redundancy
prevents certain failure scenarios, enhancing system safety.

3.5.3. Reliability

To account for a reliable system, a few decisions have been made. The use of a brushless motor has
been chosen, which has a higher reliability and durability than brushed motors. Also, the material used
for the propellers is carbon fibre reinforced polymers, which ensures the propellers are more fatigue
and erosion resistant [17].

Also, the propulsion system would be operating at approximately half of its maximum output limit. The
cyclorotors operate at 60% of their maximum capacity. The motors and propellers are operating around
50-60% of their capacity. This would increase the reliability and lifespan of the system.

3.6. Future Recommendation

Implementing serrations on the cyclorotor blades could significantly enhance performance by reducing
turbulence during rotation. This modification would improve efficiency and decrease noise levels. How-
ever, since adding serrations may increase production and testing costs, this remains a consideration
for future development.

The performance of coaxial rotors largely depends on propeller design, particularly the chord and twist
distribution. Optimising these parameters could lead to substantial improvements in aerodynamic effi-
ciency. However, this process would require extensive computational analysis and testing, making it a
longer-term goal.

Additionally, refining the serration design, such as using iron-shaped, ogee, or sinusoidal type serration,
could further reduce noise. While these advanced serrations offer acoustic benefits, their complex
shapes may pose manufacturing challenges. Future development in manufacturing techniques could
make these designs more feasible.



4 Power

This chapter presents the design of the power system. It begins with the selection of the battery type,
followed by the development of a battery management system, including thermal management and
cell balancing strategies. The chapter then outlines the architecture of the power distribution network,
detailing how the electrical energy is managed and routed to various subsystems. The maintainability,
safety, and reliability of the entire design are highlighted, after which the chapter concludes with a
summary of key design decisions.

4.1. Power System Requirements

During the initial stages of the project, requirements were formulated for the entirety of the design
process of the Owl-22. Below, in Table 8.1, all the requirements relevant to the power system can be
seen.

Table 4.1: Updated structures relevant requirements.

ID Description

REQ-SAF

The vehicle shall ensure occupant and bystander safety during all phases of op-
eration with active and passive safety measures that prevent hazardous system
failures and minimize injury risk.

REQ-FP-RAN The vehicle shall have a minimum operational range of 20 [km] under standard
urban flight conditions, based on a full fuel cycle, including take-off, cruise, and
landing phases.

REQ-FP-VEL The vehicle shall be capable of sustaining a cruise speed of at least 60 [km/h] in

level flight under standard atmospheric conditions at cruise altitude.
REQ-OP-USE-01 The vehicle shall have a maximum refuel time of 30 [min].

REQ-SUS-BAT The vehicle shall include an onboard battery system as part of its energy storage

architecture by default.

REQ-SUS-BAT-01 The battery shall retain at least 80% of its original capacity after 1000 full
charge-discharge cycles under standard operating conditions (ambient tempera-

ture 297.15-318.15 [K])).
REQ-SUS-BAT-02 The battery shall be rechargeable.

REQ-SUS-BAT-03 The battery shall support repeated charge-discharge cycles without replacement

during the first 2 years of operation.

4.2. Battery Characteristics

Owl-22’s energy source will consist of a solid-state lithium (SSB) battery. This decision was reached
after performing a detailed trade-off that considered several non-battery energy sources and also dif-
ferent types of batteries. The main characteristics of a SSL battery are its very high energy density,
good durability and excellent safety (low fire risk). Furthermore, it is important to note that the battery
and battery performance assumed in the design of the Owl-22 are not currently commercially available,
but rather are expected to be in approximately five years time; around the time the Owl-22 is expected
to begin production.

A big design decision to make regarding the battery of the vehicle is whether it will carry any loading or
not. Batteries are inherently delicate components and as such, without careful considerations, any force
acting on them could critically damage them. The concept of a structural battery is defined by Jin et al.
as follows: "an energy storage device that is able to bear structural loads and act as a replacement for

20
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structural components such that the weight of the overall system is reduced” [32]. There are two main
types of structural batteries: cell-level and material-level. The former consists of surrounding the cells
in external reinforcements, while the latter consists of developing components that act as load carriers
and valid battery components [32]. The second type of structural batteries are both very expensive and
still a very novel area of research; therefore, if a structural battery were to be used, the Owl-22 would
use of the first type.

Initially, it was believed that in order to minimise Owl-22’s weight, and following from the design en-
abler: performance, a structural battery would be designed. However, although conceptually this is
reasonable, in reality the improvement in performance from a structural battery was found to be mini-
mal for the Owl-22. As the loads of the vehicle are not particularly large, the airframe does not require
the battery to sustain any loads, and if it were to do so, the reduction in mass would be very small.
On the other hand, making the battery structural carries with it many complications. Firstly, structural
batteries are clearly more expensive than their non-structural counterparts. These costs are not only
manufacturing or production costs, but also include maintenance and fatigue analysis costs. Overall, it
was determined that for the Owl-22 the advantages proposed by a structural battery were not enough
to make up for the complications it brought. As such, Owl-22 has a non-structural battery.

4.2.1. Battery Capacity

Before defining any of the battery characteristics, it is important to mention that the following calculations
were performed under the assumption that the mass of the vehicle is 305 [kg] during flight. This consists
of 200 [kg] of the vehicle itself with an addition of 105 [kg] from the pilot and belongings. Itis possible that
the mass budget that has been allocated to each system overestimates the true mass of said system.
Therefore, it is possible that the empty vehicle will have a mass lower than 200 [kg]. To facilitate this,
the battery sizing and energy capacity will be iterated on at the end of the design phase. The results
of this iteration concerning the battery can be seen in Section 8.6.

The very first step in determining the dimensions and characteristics of the battery was to determine the
required battery capacity for the Owl-22. This required an estimate of the maximum energy required for
a trip using the Owl-22. The energy required for the lift devices was calculated, and then it was assumed
that the energy used by them would be 80% of the energy used by the whole vehicle. Therefore,
using specifications from Cyclotech and Equation 4.1, ideal power for rotors equation, the total energy
needed for the lift devices in a maximum trip by the Owl-22 could be found to be 15.91 [kW h] for a trip
of maximum range (30 [km]), with up to 4 minutes of hovering [33, 1].

[T
Pideal =T 2p7 (4-1)

The variables in Equation 4.1 are the following: T is thrust, p is the air density and A is the area of the
circle covered by the rotors.

However, although this is the energy demand of the maximum trip, lithium batteries cannot fully charge
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