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Executive Overview

During the preliminary phase of this project, the system configuration was determined. Futura, a tilt-
rotor powered by fuel cells and batteries, was designed to meet the client requirements the best. This
preliminary aircraft serves as a solution to crowded airports and congestion in the aviation sector, while
maintaining highly sustainable actions. This report details the development of the market, technical
system, production, sustainable actions and future progress of the aircraft. Such analysis serves to
understand the capabilities and feasibility of the aircraft.

Although performance is key to a successful product, a market analysis motivates a demand for Fu-
tura. To assess the demand, the challenges in mobility must be examined first. Congestion in airports,
due to an increase in demand for flying, will lead to a stagnation in growth. Futura aims to relieve the
market of this issue by opening up airport slot opportunity for different airlines without having to com-
pletely build large new runways. The mostimportant stakeholdersin addressing this need are the client,
to set the objective of the aircraft, customers, to ensure demand, airports, to manage logistics and the
environment. A large focus of this product is to reduce the impact of the life cycle on the environment.
Competitorsinthe marketconsist of short-haulflights, which are limited in efficiency, taxis, which are lim-
ited by price and environmentand public transportation, which is limited by comfortand consistency. To
maximise the utility of Futura, the market is segmented into smaller parts consisting of business clients,
traditional operations, emergency operations, humanitarian work, law enforcement and offshore. With
these different markets, the share that Futura will operate in will be limited to 1% in the first year but has
the potential to increase to 10% by six years. The major disadvantages which are posed to Futura are
the limited range, dependency on small hydrogen suppliers, specific infrastructure, and uncertainty in
anew market. However, there are alarge amount of benefits that drive the need for this product. These
include: diversification of markets, sustainability, comfort, government investment, and a solution to
congested airports.

To be able to deliver the benefits mentioned above of Futura, a robust design approach is developed.
First, the requirements that drive the design are identified. Requirements on the range, maximum
speed, payload, turnaround time, availability and cost of production and operations guide the design
process by imposing constraints. The design is focused on the integration of vertical and forward flight
capabilities with a battery and fuel cell power plant. A large part of this focuses on reducing the power
needed to perform a mission and to mitigate the safety concerns with a novel power plant system, such
as arigorous tank design. The three pillars of the design consist of a Novel Power Plant Design, Opti-
mised Aerodynamic and Propulsion design and Sustainable Integration Design. As aviation produces
5% of global greenhouse gas emissions, a Sustainability Development Strategy was developed to sit
atthe core of the design process. This strategy is present through production, operation and end-of-life
solutions.

The first part of the design is to define clearly the operational space of Futura. The aircraft will oper-
ate at both an intra-city and inter-regional level. Many different mission profiles are possible in this
design space. However, the design process considers the longest route the most constraining. Hence,
the one to design for. A mission profile based on a flight from Amsterdam to Brussels, approximately
300 km is developed. The operational space also includes the need for hydrogen. Itis determined that
liquid hydrogen is optimal for Futura, with a refuelling time of 26 minutes for 14.30 kg of liquid hydrogen,
estimatedin the future to be price atabout 10.72 € /kg for a total cost of 153.3€ forafull refuel. Combined
with battery recharging this would resultin a total refuelling cost of 182€. The current cost for a 300 km
helicopter mission is at about 227€. To complete a mission, the relevant infrastructure is needed; the
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Figure 1: Power plant layout.

main additions are the parking and the take-off and landing sites. The most efficient manner is to place
thelanding sites nearterminals for easy connection between differentairports. Aturnaround procedure
is developed to ensure a 1-hour time frame. The total procedure, including engine shutdown, disem-
barkment, mechanical checks, refuelling, cleaning, boarding the passengers and starting up the aircraft
takes 50 minutes.

To begin the performance analysis of the vehicle subsystems, an aerodynamic analysis is performed.
The wing is sized according to constraints on wing loading and power loading. For different flight con-
ditions such as cruise, climb, landing manoeuvring and stall. The design space is constrained by the
stall speed and the manoeuvring performance resulting in an optimal wing area of 21.035 m?. With this
different drag and lift coefficients are compared resulting in the NACA 23018 airfoil. An aspect ratio of
5.258 for the wing is determined. As a result of the restrictions of the radiators on the wing only flaps
can be used as high lift devices, while simultaneously acting as ailerons; flaperons. Finding the wing
flapped area and shift of angle of attack the optimum wing planform design is reached.

An operational envelope is created for the flight of Futura. This takes into account loads in both vertical
and horizontal flight by CS-23 and CS-29 requirements. The largest load factor possible on the aircraft
is 3.8 while the most negative cannot be 0.4 times the maximum load factor.

To provide a safe and comfortable flight experience, a cabin design is carried out. The cabin is de-
signed by minimising accessories, whilst not sacrificing comfort. The aircraft will boast continuous
glass windows, made possible by the lack of the need to pressurise the cabin. The cabinwidthis 1.48 m
and the heightis 1.4 m. The aircrafthas a main door and an emergency door. With a cabin configuration
set, afuselage design is carried out. The fuselage is designed in the shape of an airfoil to provide lifting
capabilities. The airfoil for the fuselage design was selected to conform to the inner cabin design and
resulted in the NACA 25121 airfoil.

The final major aerodynamic member of the aircraft are the rotors on the end of both wings. A study
ofthe rotor geometry was carried out to optimise for the lowest power required for the propulsion system
overthe course of the flight. To do this blade elementtheory was employed. Each hub has 3 blades with
aradius of4.415 m and a linear twist of 18°.

With an understanding of the power and energy required from the rotor design, the power plant can be
designed. The design of the fuel tank focuses on readily available components to shorten the delivery
timeofthe product. The systemconsists ofthree maincomponents: fuel cell, battery and electricmotors.

Itis essential to control the temperature at which they operate. This is done using radiators, with 50/50
ethylene glycol solution. The total mass of the radiator and cooling liquid, with a pump, is 215.7 kg sep-
arated over three radiators in each wing. The main requirements for fuel tank are to maintain the fuel
at specific conditions, deliver it to the power plant and allow for easy refuelling. The layout of the tank is



a double tank with a near vacuum between the two layers. Different materials are considered for their
material properties and ability to be recycled. The tank is also designed for venting, refuelling and fuel
delivery. The final choice for the tank design was an Aluminium 2024 inner and outer shell, evacuated
multi-layer insulation with a total mass of 25.8 kg. The total length is 1.12 m. With the radiators and the
tanks decided the different components of the power plant system are decided. In the system, batter-
ies supply the peak power requirements, while the fuel cell supplies more energy. The division of the
batteries and fuel cell is optimised for ratings, stack design and redundancy measures. The minimum
mass is achieved when the fuel stack delivers 343 kW and the batteries deliver the rest with a capacity
of 103 kWh. Thereliability of the system is analysed to ensure the avoidance of catastrophic events. By
using a failure rate model and adjusting the component choices, a failure rate of 3.66- 1078 h~ 1 is found,
which allows for safe operation.

With the various locations and masses of the components determined the stability and controllability
of the aircraft are designed for. First stability on the ground is considered with landing gear design.
The landing gear is sized based on shock absorption and their position. The gears are positioned
to avoid tipping and ensure manoeuvrability. This resulted in placing the nose landing gear 3.4 m
in front of the centre of gravity and the main landing gear 0.28 m behind. Stability in flight was con-
sidered for both vertical and horizontal flight. For vertical control, a swashplate with cyclic and col-
lective is used and in horizontal flight, a T-tail, as well as ailerons, elevators and a rudder, are used.
The T-tail is chosen instead of a canard because the canard cannot satisfy stability requirements on
this design. The empennage size and wing position are chosen as a function of horizontal stability
and controllability and are 13% of the main wing area and 34% of the fuselage length, respectively.
For the empennage, both vertical and horizontal, the NACA 0018 airfoil is used. Considering the
vertical control, the swashplate is sized to accommodate the different control modes as well as the
relevant degrees of freedom by being flapped and feathered. The nacelle hinges are sized for ap-
propriate yaw control, requiring a torque of 43 Nm. For the general control of the aircraft, only one
pilot is required to reduce the mass. The pilot’s inputs are a stick which controls lateral and longi-
tudinal rotation, yaw pedals, a collective lever, throttle control and a rotating switch to rotate the na-
celle. As there is only one pilot, a robust control system is required. This control system resolves
the different coupling dynamics in hover as well as determining accurate control modes for easy con-
trol by the pilot. The flight control system controls both the navigation and dynamic state of the air-
craft.

With the loads on all the wing surfaces known, the surfaces were structurally sized. The sizing con-
siders buckling of the plates and Von Mises stresses in the skin. The load case on vertical hover con-
strains the main wings. The wing is optimised to not reach yield strength, and have similar maximum
bending stress and buckling stress. With this design method a wing weight of 241.8 kg is achieved.
A similar procedure is carried out for the empennage wing structure resulting in a total empennage
mass of 108 kg. Aluminium 2024 is used for its lower density, price and its excellent recycling capabil-
ities.

With all the separate sub systems sized an iteration of the mass is done resulting in a convergence
to 3925 kg. With the complete sizing of the technical design complete models of the exterior and interior
are developed to ensure that the complete system fits together.

Tounderstand the connections in the system, a communication flow diagramis developed, showing the
connection between the general subsystems. This highlights the flight controls, the power plant, the
cabin and the airport. Following this, the connection is elaborated more, with a focus on the hardware
required in a hardware and data handling diagram. A series of checks are completed to ensure that the
analysis is done correctly. The first one is sensitivity analysis. In these different assumed values are
tested to see their effect on the compliance with the requirements. The assumptions on the fuselage
weight and propeller weight are made more conservative compared to the rest of the design. Itis seen
that the same requirements as before are still satisfied. Amass budgetis carried out to ensure that the
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Figure 2: Futura’s overall configuration.

mass is consistentoverthe whole system, and resource budgetis thoroughly checked. Thisalsooccurs
for a power budget over the system.

Finally, a compliance matrix is created. The requirements for the final design are reviewed, and it is
clear that all the requirements are met.

To deliver a successful product, manufacturing must also be considered. To manage the use of re-
sources in production, a lean manufacturing philosophy is adopted. Because of this, a part of manu-
facturing will be done in-house to reduce waste. The main parts and the large structural members are
donein-house, such as the fuselage, the wings and the empennage. Sustainability is consideredinthe
manufacturing of all different subsystems. Animportant manufacturing process is a roll forming for the
complex curvature of the fuselage. The main materials used in manufacturing will be Aluminium 7075
and Aluminium 2024. Anassembly plan is developed for efficiency to allow for the production of a single
productin 28 days.

With the production and operation phases fully described the sustainability of the system is exam-
ined to ensure sustainable operation over the entire life cycle. The first aspect addressed is pro-
duction, as it emits a lot of greenhouse gases. Raw material extraction is reduced by using recy-
cled material. Manufacturing waste is reduced as aforementioned. For fuel production electrolysis,
derived from renewable electricity sources, is used. Fuel transportation will generate direct emis-
sions in the order of 50 kg of CO, for each tank refill. Noise emissions are addressed as require-
ments that must be validated through testing as available models do not have sufficient accuracy
The aircraft will be disassembled, upon retiring, at an Aircraft Fleet Recycling Association certified
plant. The components will either be re-used or re-manufactured, typically engine parts or avionics.
A full analysis of the different recycled materials was carried out to assess how much CO, and en-
ergy are saved: it is found that Futura has a reduction in 97% in CO, emissions and 84% in energy
consumption over its entire lifetime when compared to conventional helicopters. This can be seenin
Table 1.



Table 1: Life cycle assessment of Futura and H145.

CO02 Energy
Emissions [ton] Consumption [MJ]
Stage Aircraft Futura H145 Futura H145
Material 39.4 20.3 6.06-10° 2.93-10°
Production | extraction
Manufacturing 4.24 1.88 5.55-10* | 2.5-10*
tF”e' pror?”t‘.’t'on’ 436:-10° | 5.05-10° | 2.10-10° | 5.16-107
Operations |__transportation
Combustion 0 1.27-105 |0 1.3-10°
. Process 9.72-107* | 8.96-1072 | 6.81-10* 1.28-103
End-of-Life |5t ential ~124 —9.87 ~7.14-10° | —1.54-10°
Total 4.28-103 1.32-10° 2.11-108 1.35-10°
Difference —96.8% —84.4%

With these processes defined the costs and return on investment are detailed. The approximate de-
velopment cost is 182 M<€ for the entire system. To test the aircraft, an approximate cost of 2.62 M€ is
found for both flight tests and system tests. For the prototype it was projected that a cost of 5.44 M€ is
required, meaning that an external investor such as the government or Clean Sky initiative, parties that
interested in sustainability, are required. Comparing with competitors, itis clear that Futura is cheaper,
cantake higher payload and has alarger cruise speed, apart from the obvious benefits in green energy.
With an analysis of the competitors in the market, a selling price of 8 M€ is set. The cost to produce the
firstaircraft, at 7.93 M€, and full development cost, with a safety factor, of 370 M€ lead to a break-even
point in about nine years. This takes account of the reduction in the cost of production with a learn-
ing curve and other developments in the market. After 30 years the expected return on investment is
41%.

With a definition of the various aspects of the aircraft in market, performance and production, the
risk of the system can be analysed. The reliability is assessed first. Considering the components
of the different subsystems total system reliability of 0.9714 is reached, excluding the control sys-
tem, which must be determined in testing. With these considerations, it is determined that the avail-
ability of 90% can be met. For the maintenance, the critical features are identified as the hydraulic
and nacelle components. To mitigate the time to maintain the nacelle is made more easily acces-
sible using side panels to access critical features. To ensure safety, CS-29 requirements are kept
at the core of the design process. Some emergency safety risks are mitigated, such as, a safety
door has been included, more than what safety requirements stipulate, as well as multiple redun-
dancies in the system. A thorough risk analysis was carried out for the different aspects of the sys-
tem. The largest are the rupture of the fuel tank, hydrogen leaks, battery failure, flight route cancel-
lation, dead man zone in take-off and nacelle rotation failure. For each of these risks, an appropri-
ate mitigation strategy is employed. These strategies move a majority of the risks to remote and un-
likely.

Finally, the outlook on the future work of Futura is set out. The main phases to be completed in the
first period of development are the Early Configuration and Market Analysis, Product Definition and
Detail structural, systems and process design. Among the most important outcomes to be reached in
this first phase is the additional government funding needed to go on with the product definition design
phase. With a full description of the system, market and processes, Futura is ready to move to the next
stage. Futuraaimsto satisfy aglaringneedinthe aviation sectorwhile setting abenchmark for the future
of sustainable and accessible air transportation.
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1. Introduction

Aviation today faces the challenge to reinvent itself as society needs a green, fast and reliable mode
of transportation. As aviation contributes to 5% of human-made greenhouse gas emissions, govern-
ments and the general public exert an increasing pressure on airlines and manufacturers to switch to
emission-free aircraft [1]. The automobile industry has already begun its transition to green technolo-
gies, thus putting aviation in the spotlight as a significant contributor to climate change. With today’s
oil consumption rates, world reserves are expected to run out within 50 years, according to BP [2]. To
secure along term market share, manufacturers have to propose innovative designs thatrely on renew-
able energy sources today. Another market trend is the increasing congestion of major airport hubs.
It is expected that by 2030, 19 key European airports will reach saturation, thereby severely limiting
capacity growth.” The need for inter-hub air transportation, without runway occupation, is apparent
to ensure aviation keeps growing. It is within this context that Futura, a green Vertical Take-Off and
Landing aircraft, was born. Itis has been designed as part of the Design Synthesis Exercise, the final
project the Aerospace Engineering Bachelor at the Delft University of Technology. For ten weeks of
full-time work, the authors of this report have produced the conceptual design of such innovative air-
craft.

This report aims at presenting the final conceptual design that successfully fills these market needs.
The design process and its results are presented to prove the feasibility of this groundbreaking aircraft.
The outcome was the result of several milestones the team achieved over these ten weeks. From the
identification of requirements, initial design concepts were generated in a Baseline report. The per-
formance of the most promising designs was analysed to select the most optimum. Trade-off criteria
included, amongst others, operations, technology readiness level and sustainability. In this report, the
detailed design of this optimum choice is detailed.

First, the market in which Futura operates is analysed in chapter 2. In particular, the market demand
is quantified to justify the economic sustainability of the aircraft. Before presenting the design, the ap-
proach to obtain the final concept is laid out is chapter 3, including the procedure, followed and the use
of resources. Before the actual design of the aircraft, operational characteristics are derived from its
defining features: being hydrogen-powered and equipped with Vertical Take-Off and Landing. A de-
tailed planforoperationsis presentedinchapter4. The engineering design begins withaerodynamicsin
chapter 5, asthe wingloading and wing design can be performed from the mission profile. Fromthe mis-
sionrequired energy and power, anoptimal power plantis designedin chapter6. Thisincludesindividual
components’ design and their integration. With the main component masses, the stability and control
of the aircraft are derived in chapter 7. Required aerodynamic control surfaces are then sized, and the
structural design of all aerodynamic surfaces is executed in chapter 8. With all sub-systems sized, their
integration is achieved by checking mass and volume constraints as shown in chapter 9. The design of
eachsub-systemisiterated morethanadozentimesto meetallrequirementstoobtainafinal conceptual
design. Fromthe given mass and material breakdown, a manufacturing planis presentedin chapter 10.
With the entire aircraft’s life cycle defined, its sustainability is evaluated in chapter 11. Also, with all sub-
systems sized, the costofthe aircraft and the return oninvestmentis determinedin chapter 12. Chapter
13 discusses the risks associated with developing and operating Futura. It also investigates the relia-
bility, availability, maintainability and safety of the aircraft. Further steps to be taken for the design are
presentedin chapter 14. Lastly, the reportis concluded with an overview of the major design outcomes.

'"WRL http://europa.eu/rapid/press-release MEMO-11-857 en.htm[cited 19 June 2019]
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2. Market Analysis

A market analysis is necessary as the success of the project is not based purely on the performance of
Futura. Indeed, itis determined by the market in which Futura will operate as well. An essential param-
eterinthis equationis the concept of supply and demand: without the necessary market demand for an
innovative transportation mode, the project might not be sustainable.

Therefore, the current mobility challenges and the different stakeholders of the project are assessed
in section 2.1 and 2.2, respectively. After that, the existing competitors of Futura are analyzed in sec-
tion2.3. Furthermore, market segmentation will be performedin section 2.4 toidentify potential markets
and to estimate what the future market share of Futura could be. Finally, based on all the gathered in-
formation, a SWOT analysis will be carried out to evaluate Futura’s market competitiveness.

2.1 Mobility Challenges

In 2017, 1 billion passengers were transported by air in the European Union, with 47% flying intra-
EU and 17% flying nationally, resulting in the total growth of 7% compared to 2016 [3]. The total
contribution of the air transport sector to the EU’s Gross Domestic Product (GDP) was 2.1%, which
can be broken down in 300 B€ and 5 million jobs, making it a strategically vital sector.” However,
at this growth rate, it is predicted that 19 key European airports will be congested by 2030. This is-
sue is already present at the busiest airport in Europe, London Heathrow, and other airports are pre-
dicted to follow soon. The result is a capacity crunch: European airport capacity will not be able to
keep up with the continuously growing demand for air transport.? A study performed by McKinsey
& Company concluded that one consequence of this congestion is that the passenger growth will
flatten, meaning that major airports will come to a standstill once their maximum capacity has been
reached. Also, network connectivity will decrease while ticket prices will increase, making the air-
port less attractive to customers.® For airports to keep growing in the future, these are serious is-
sues.

Therefore, it is of vital importance to find ways to increase airport capacity in the short term. Airport
slots, which are the permission to use the airport’s terminals and runways, play a crucial role in this chal-
lenge*: these slots are implemented at airports when the available supply exceeds the demand, and at
major airports, such as London Heathrow, runway throughput is usually the constraining factor.® The
simple solution seems to exist of building new runways and terminals. However, a significantamount of
resources needs to be invested to achieve this target. Besides, several major airports are located in the
neighbourhood oflarge cities, which makes expansion arathertricky process [4]. Therefore, alternative
solutions will have to be found to deal with the capacity crunch that major European airports are facing
today, and Vertical Take-off & Landing (VTOL) capabilities might play a crucial role in this challenge.

TURL totheEU’ sGDP [cited 19 June 2019]

2URLhttp://europa.eu/rapid/press-release MEMO-11-857 en.htm[cited 19 June 2019]

SURL https://www.mckinsey.com/industries/travel-transport-and-logistics/our-insights/gr
idlock-on-the-ground-how-airlines-can-respond-to-airport-congestion [cited 19 June 2019]

“URL https://aci.aero/about-aci/priorities/airport-slots/ [cited 19 June 2019]

SURL https://www.eurocontrol.int/news/what-slot [cited 19 June 2019]
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2.2 Stakeholders

Stakeholders can be defined as the set of people who can affect or are affected by the system [5]. Con-
sidering that these stakeholders play a significant role in the development and operation of Futura, itis
necessary to assess their influence to complete the project successfully. Therefore, a list of the most
important stakeholders of Futura is given as follows: [6]

» Client: They line out the project objectives and set the important requirements. Also, they pro-
vide the necessary resources for the project and expect a positive return on investment from their
investments. Therefore, it is of the utmost importance that these clients are satisfied with the
progress and result of the project.

» Customers: Theybuythe Futurafromthe clients and are therefore vital to the sustainability of the
entire project. Without their acquisitions, the project will not be able to continue due to insufficient
profits and return on investment.

* Regulatory Agencies: They set up the regulations for Futura’s type of aircraft, are (partly) in-
volved in the testing and certification of Futura, and enforce their laws and regulations. Besides,
they can provide additional funding for Futura, considering that the goal is to create an aircraft
fuelled by a renewable fuel type.

* Environment: Animportant objective of the project, is to produce an aircraft with a high degree
of sustainability to preserve the environment.

+ Employees: These are essential in all stages of the project: development, production, opera-
tion, and end-of-life. They make sure that all the activities during the different project stages are
completed and that Futura can be built and operated. Examples of employees are engineers,
marketing and sales, assembly workers, crew.

» Suppliers: They deliver the various materials and components required to manufacture and
maintain Futura. Therefore, it is essential to communicate clearly with them which materials or
components are needed and when.

» Airports: They will provide the infrastructure for Futura to land and take off, and will help to
complete the turnaround procedure. This includes, for example, runways, terminals, gates, and
recharging facilities, etc.

* Localcommunities: The sustainabilityaspectof Futuraalsoappliestolocalcommunities: itmust
be ensuredthat Futurawill notdisturbthese communities based on noise andairtraffic. Therefore,
itis crucial toinvestin a positive relationship between Futura and the local communities.

» Competitors: They will compete with Futura for market share. Also, they could try to replicate
Futura’s innovative technology if it has proven to be successful in attracting clients. The risk is
then that the profits of the projected decrease due to a reduction in market share and sales.

* Media: They can have a considerable impact on Futura’s reputation: with positive articles and
advertising, Futura’s market share could grow as the number of customers is likely to increase.
However, if negative articles are written about Futura, potential customers might get scared off.
This means that a positive connection with the media is essential to attract customers.

» EU: Asdiscussedinsection 2.1, the airtransport sectoris a vital contributor to its GDP. Therefore,
itis reasonable to assume that the EU could make some investments in Futura to retain and even
increase the sector’s contribution to its GDP.

This list shows the most important stakeholders of Futura. However, it is essential to note that there
might be more (minor) stakeholders, but these will not be considered in this report.
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2.3 Competitor Analysis

A study was performed on the both intra-city and inter-regional level to estimate Futura’s market com-
petitiveness [6]. It was concluded that three main transportation competitors currently exist for Futura:
flights, taxis, and public transportation such as trains and metros. These will be discussed in subsec-
tion2.3.1,2.3.2and 2.3.3 respectively.

2.3.1 Flights

Flights are one of the fastest ways to travel on the inter-regional level. Besides, due to low-cost carriers,
current ticket prices are very low, which makes flights an attractive way of transportation. However,
when operating on the intra-city level, flights are usually not an option as the distance between airports
is too limited. Also, some short-haul flights with current aircraft are starting to get cancelled due to
concerns about their sustainability.? To get more insight in the predicted market position of Futura, the
prices of current competing helicopters and aircraft will be analysed in chapter 12.

2.3.2 Taxis

Taxis are a personal transportation mode that offers a fast connection between two places, and some
provide a higher level of comfort. However, they are usually rather expensive and are prone to traffic
delays. Furthermore, their emissions are toxic to the environment, which raises questions about the
sustainability of the sector. Finally, supply and demand is an issue from time to time, as finding an
available taxi might be time-consuming.

2.3.3 Public Transportation

Publictransportationis, in general, avery affordable way for passengers to reach their destinations and
enables customers to reach almost all places in the city due to its vast network. However, long transit
times and unexpected cancellations are only two of the disadvantages of public transportation. These
may result in the customer missing a connecting flight if this passenger needs to transfer between two
airports in the same city. Besides, the service and comfort provided by the operators are usually not
suitable for business customers.

2.4 Market Segmentation

To get a clear overview of the whole market that Futura will operate in, it will be segmented into several
smaller markets in which Futura might play a role. These will be analyzed in subsection 2.4.1. After
that, a prediction will be made as to what market share Futura could achieve in subsection 2.4.2.

2.4.1 Market Identification

To increase future sales, Futura will not only operate for business customers. Indeed, several other
potential markets were identified in which Futura might be used. Therefore, a complete list of potential
markets is given below to show the client all the different market opportunities for Futura: [7]

* Business Operations: Business customers can use Futura as a means of personal transport,
both for themselves as for their clients. They will have the possibility to be transported between
air- and heliports with Futura, or even take off and land from their helipad. As Futura will provide
a luxurious experience, this is the leading market Futura is targeting.

SURL nttps://www.thebulletin.be/proposal-cancel-flights-between-brussels-and-amsterdam
[cited 19 June 2019]


https://www.thebulletin.be/proposal-cancel-flights-between-brussels-and-amsterdam

2.4. Market Segmentation 5

» Traditional Operations: Of course, Futura can be used for traditional operations provided by
airlines as well. This can especially be interesting for airlines who wish to increase their connec-
tivity with major congested airports, as Futura does not necessarily need to use the airport’s main
runways. In addition, as discussed in section 2.3, some short-haul flights might get cancelled in
the future due to concerns about their sustainability.® Futura is designed for short-haul flights and
has a strong focus on sustainability, creating the opportunity to take over this market.

* Emergency Medical Services (EMS): Due to the combination of Futura’s VTOL capabilities and
high cruise speed, critical passengers can be transported fastto and from airports. Also, its VTOL
capabilities can be used to reach congested or remote areas that other transportation modes
cannotreach.

+ Humanitarian Work: Places that have been hit by severe catastrophes like meteorological dis-
asters or war and are difficult to reach for traditional transport vehicles can be provided with im-
mediate supportby Futura. These supportactivities can be to supply food and water, save people
from dangerous places, etc.

» Law Enforcement: Like for EMS, the high cruise speed and VTOL capabilities allow for fast re-
sponse to emergencies. Besides, patrolling and high-speed pursuits are possible as well due to
the large range of speeds Futura can operate at.

» Offshore: Currently, Europe is the only continent in the world in which the number of oil rigs is
growing: with 186 rigs in use today, their number more than doubled since last year.” As part of
these drilling rigs is located offshore, transportation to and from the mainland has to be provided,
and helicopters are usually the only feasible option in this case: they transport workers, perform
search-and-rescue missions and provide the necessary EMS. Futura can offerthe same services
as these helicopters, and they can even be used for offshore renewable energy production plants
such as wind farms. However, to protect Futura from these marine conditions, corrosion resistant
coating will need to be applied where necessary [8].

* Military: Withthe V-22in use and the V-280 under development, itis clear that the military sees a
clear advantage in the use of tiltrotor aircraft for their operations: critical locations can be reached
in a fast way, and the tiltrotor can take off and land at virtually every area. Also, Futura will be able
to transport both troops and supplies necessary for any mission.

For several of these markets, adjustments have to be made to the design of Futura such as the imple-
mentation of medical or police equipment. However, these adjustments will not be considered in this
report as the final customer bears responsibility in this matter.

2.4.2 Market Share

Due to the VTOL capabilities of Futura, the achievable market share will be compared with the current
helicopter market. In recent years, this market has been dominated by one company: Airbus. With a
total market share of 54% in 2018, compared to 21% for runner-up Leonardo, and an annual sales of
163 Futura-like helicopters, it is clear that Airbus is a major competitor of Futura.®

AsFuturais newinthe marketand usesinnovative technology, itis expected that Futurawillonly achieve
1% of the market share in its first selling year. As potential customers get to know this advanced tech-
nology and start to see its benefits, the market share is predicted to double by the following year to 2%.
After a gradual annual increase in sales, it is expected that a market share of 10% can be achieved in
its sixth selling year as Futura can be used in a large variety of markets and combines the advantages
of both aircraft and helicopter. This would put Futura on a shared fourth place in leading helicopter
manufacturing companies, resulting in an annual sales of 30 Futura aircraft.

"URL https://essentrapipeprotection.com/rigs-around-the-world/ [cited 19 June 2019]
8URL https://www.airbus.com/helicopters/key-figures.html [cited 19 June 2019]
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2. Market Analysis

2.5 SWOT

To identify Futura’s competitive position, a SWOT analysis was performed: this acronym stands for
Strengths, Weaknesses, Opportunities, Threats. It helps to assess Futura’s potential and the chal-
lenges the project may encounter. A schematic overview can be found in Figure 2.1.

Strengths and Weaknesses are internal factors: these can be changed and are within the control of
the company. On the other side, Opportunities and Threats are external factors: these are elements
outside the company thatinfluence the project but cannotbe controlled. However, the company canuse
the advantages of Opportunities and try to protect itself against the Threats.? Besides, itis evident that
Strengths and Opportunities are positive factors while Weaknesses and Threats are negative factors.
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Figure 2.1: SWOT analysis of Futura. SWOT stands for strengths, weaknesses, opportunities, threats.

Conclusion

With the growth of 7% in 2017 and a contribution of 2.1% to the EU’s GDP, it is clear that the
air transport sector is a strategically vital sector. However, due to several major European
airports getting congested, the sustainability of this growth is endangered. Therefore, innovative
solutions need to be found to solve this serious problem. Stakeholders of this challenge include
the EU, airports, customers, and the environment. Several markets for Futura have discovered:
traditional and business operations are possible, but other potential markets such as EMS and
offshore services were explored as well. Based on the VTOL capabilities and the fact that Futura
can combine the benefits of both aircraft and helicopters, it is expected that a market share of
10% is achievable in the long run, making Futura the fourth biggest competitor in the market. Its
main competitors will be flights, taxis, and public transportation. After having gathered all this
information, the SWOT analysis showed that the main strengths of Futura are that it provides
a solution to airport congestion and that it combines the advantages of aircraft and helicopters.
However, its limited range and uncertainty in development costs are weaknesses of the project.
A significant opportunity is the possibility to use government investment to provide funds for the
project, but uncertainty in the market share can pose a threat to the sustainability of the project.

SURL https://www.liveplan.com/blog/what-is-a-swot-analysis-and-how-to-do-it-right-with-e
xamples/ [cited 19 June 2019
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3. Design Approach

Having outlined the market space Futura will occupy in chapter 2, the design approach can be laid out.
First the requirements for the aircraft are detailed in section 3.1. Design choices and the engineering
results obtained up to the final design phase are summarised in section 3.2. The engineering objectives
have also been outlined in section 3.2. After that, the core of the innovative engineering aspects is
presented in section 3.3, establishing what makes Futura stand out from its competitors. The design
procedure adopted is presented in section 3.4 that highlights the logical engineering steps taken to it-
erate the design to converge to a final concept. The use of resources in the design is summarised in
section 3.6 to highlight which experts wereinvolvedin the design procedure. Eventually the sustainable
development strategy which dominates the design is presented in section 3.5.

3.1 Requirements

The requirements that Futura has to meet were established, analysing all the requirements imposed by
the customer and producing with derived ones. However, at the same time, the following list includes
also some derived requirements based on other driving characteristics that the aircraft shall have. The
customerrequirementsareindicatedwith Futura-TECH-VCMand Futura-TECH-VCS, theyincludere-
spectively all the system mission and capabilities requirements, while the Futura-CONS-SUS includes
the sustainability requirements and finally Futura-CONS-RES includes the resources requirements.
Onlythe customerrequirements and the mostimportantrequirements coming fromthemare listed here.
Then, in section 9.8, all these requirements will be examined and verified if they are met.

1. Futura-TECH-VCM-1 Therange shall be at 9. Futura-TECH-VCM-9 Futura shall have

least 200 km. 90% availability, by considering the time re-

2. Futura-TECH-VCM-2 The maximumspeed quired for other scheduled and unscheduled
shall be 400 kmh™1. maintenance.

3. Futura-TECH-VCM-3 The cruise speed 10. Futura-TECH-VCS-3 Futura shall use hy-
shall be atleast 350 kmh ™. drogen as source of energy.

4. Futura-TECH-VCM-4 Futurashall achieve  11. Futura-CONS-RES-1 Thedesignand man-
vertical take-off and landing (VTOL) capabil- ufacturing cost of the first prototype shall not
ities. exceed 2 million €.

5. Futura-TECH-VCM-5 The payloadshallbe  12. Futura-CONS-RES-3 The costof refuelling
atleast 900 kg. a full tank shall not exceed 345€.

6. Futura-TECH-VCM-6 The maximum take- 13. Futura-CONS-SUS-5 Futura shall not pro-
offweight(MTOW) shallnotexceed 4000 kg. duce any emissions other than water.

7. Futura-TECH-VCM-7 The service ceiling 14. Futura-CONS-SUS-12 All parts shall be
shall be of atleast 1500 m. assigned a sustainable end-of-life (EOL) so-

8. Futura-TECH-VCM-8 Futura shall have, at lution among reuse, re-manufacturing, recy-
maximum, a 1 h turnaround time. cling or downcycling.

3.2 Design Overview

The design development of Futura came about with a market analysis: this was necessary to identify
the need for a new aircraft that would quickly connectairport hubs as outlined in chapter 2. This analysis
was the fundamental pillar of the design, which greatly influenced all other aspects: from an operational
point of view to the design configuration of the cabin. The functions that the aircraft has to perform are

7
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summarised in the functional flow and functional break down structures which are shown in Appendix A.
These were used as a guide in identifying the main functions of the aircraft and its related systems to be
designed. The final conceptual design presented in the rest of this report is the result of a preliminary
analysis of several configurations and different power plant systems. A trade-off analysis led the team
tofocusits design on atilt-rotor aircraft powered by a combination of afuel celland batteries. The design
was chosen since it was the one which would have allowed to meet the requirements on MTOW while
keeping the aircraft completely sustainable: Futura will produce no emission other than water. In the
final phase, the team focused on several aspects of the design.

Ontheone hand, the aircraft systems are designed to meet the customer requirements on performance
summarised in section 3.1. Todo so, the team’s objective was optimising both the aircraft aerodynamic
and the new power plant and propulsion system finding the right combination between the fuel cell and
battery usage and optimising the rotor design. Also, it was important to investigate the structural design
of the most critical component of the aircraft from a safety point: the fuel tank.

Ontheotherhand, itwas crucialtoexplore the operational characteristics of the aircraftfurthertotakeinto
consideration all the infrastructure needed to operate Futura. Furthermore, it was necessary to identify
in more detail the operational limits and the mission profile that Futura would have flown within. Eventu-
ally, itwas crucialtoanalysefurthertherisks associated with the aircraftdesignand operation while keep-
ing sustainability at the heart of the engineering choices. All of these aspects are covered in this report.

3.3 Innovative Approach

Futura’s design wants to push the engineering boundaries to prove thatitis possible to obtain a fully sus-
tainable, high performing, and cost-effective aircraft. To make this possible, innovative design choices
were taken in several aircraft’s systems based on engineering ingenuity and novel technologies. The
engineering designis based onthree pillars: a Novel Power Plant Design, an Optimised Aerodynamics,
and Propulsion Design and Integral Sustainable Design.

Firstly, the power plant system is based on a combination of fuel cell and batteries, which makes the
aircraft operations completely green. The power plant system had to be optimized in terms of weight
to provide the same performance of modern turboprop engines. The application of such power plant
system to a tilt-rotor aircraft was achieved thanks to the integration of the radiators in the wings of the
aircraft made possible by progressive wing skin panels as it is further explained in section 6.2.
Secondly, the performances of Futura have increased thanks to the adoption of a lifting body fuselage:
this design choice, which has almost no approval in other comparable aircraft, nearly doubled the lift
overdragratio of the aircraft as it can be further explained in section 5.4. Furthermore, the design of the
rotor allowed to chose its characteristics to optimise every flight phase to satisfy the needs for vertical
take-off and landing procedures and regular flight.

Thirdly, sustainability was placed at the core of the design decisions: this reflected the customer’s
will which the team addressed from day one of the design cycle. Sustainability influenced all design
decisions: from the adoption of bio-materials for the cabin’s interiors to selecting where the possible
sustainable end of life treatment for the aircraft components.

3.4 Design Procedure

The conceptual design of many systems had to be completedin this final phase. The engineering analy-
sis of different systems was completed making sure that the systems’ interdependence were taken into
account. In chapter 4 the mission profile of the aircraft is established. The wing and fuselage aerody-
namics, the power plant characteristics, the control surfaces, and the airframe structural components
are then addressed respectively in chapter 5, chapter 6, chapter 7, and chapter 8. The interrelations
between the different aspects of the analysis mentioned above are presented here in a logical order.
The different design aspects of Futura are integrated into a tool which allows the optimisation and con-
sequent global iteration of the aircraft design, taking into account all the engineering choices and con-
straints made by the design departments.
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Figure 3.1 showsthelogicbehind Futura’s engineering designfroma macroscopiclevel. Firstlythewing
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loading and power loading diagram have to be produced to identify the design point of the aircraftbased
on asetofaerodynamic desired characteristics. Thenthe wing characteristics are further specified and
improved based on the airfoil choice. Inthis manner, the wing design is completed and using the mission
profile characteristics, thrustand velocity are obtainedfor differentflight phases. Withthese parameters,
the rotor geometry has been optimised, and the power required at different flight phases was obtained.
Hence the power plant’s characteristics could be calculated deriving the best combination of fuel cells
andbatteriesto complete the mission. Afterwardsthefuselage aerodynamicsisdesignedtoimprovethe
liftto drag ratio of the whole aircraft. Eventually, the operational envelope is obtained, and the structural
characteristics ofthewingand empennage are derived before Futura’s ground stability is verified. Thisis
the designlogicthatthe team followed to come up with Futura’s final conceptual design. However, going
through this design process only once is notenough. Aseries of iterations were completed to make sure
thatthe design would converge and their specifications are treatedin chapter9. Itisimportantto mention
that all the design phases were conducted to meet the set of requirements specified in section 3.1
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Figure 3.1: Futura’s design logic.

3.5 Sustainability Development Strategy

The sustainability development strategy is defined as the root of this project. As aviation represents up
to 5% of greenhouse gas emissions and continues to grow, itis clear that the industry needs to reinvent
itself with climate-friendly airtransportation. Futurais a breakthrough emission-free aircraft that proves
such revolution is possible. At each stage of Futura’s life, adverse environmental and societal impacts
are assessed and minimised, both in terms of the direct effects (e.g., flight emissions) and indirect ef-
fects (e.g., emissions from fuel production).

This begins with production, encompassing material extraction and manufacturing. Both of these pro-
cesses have environmental impacts in terms of CO, emissions and societal impacts in terms of energy
consumption. For the material selection and manufacturing plan, these aspects are evaluated with the
Eco-Audittool of the CES Edupack material-selection software [9]. Sustainable solutions include using
bio-based materials or recycled material to reduce raw material extraction.

The operations of Futura are exceptionally environmental friendly comparedto current aircraftbecause
of its emission-free propulsion system (besides water vapor). Nonetheless, the indirect impact of fuel
production should not be overlooked. Indeed, specific fuel production processes could make Futura
less sustainable overall than a kerosene aircraft[10]. A plan for sustainable emission-free fuel produc-
tion is laid-out for the operations of Futura.

The End-of-Life (EOL) of Futura is carefully planned to minimize waste. Starting at material selection,
the sustainability of materials based on their EOL solution is weighted against mechanical properties.
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Then, a EOL plan from aircraft retirement until the material reuse is proposed. From the recycling into
new products to downcycling into lower-value applications, each material is reprocessed.

With a comprehensive sustainable development strategy, Futura’s design team takes responsibility to
ensure the sustainability of its aircraft. While the operator leads the fuel source selection and recycling
of the aircraft, efforts have been put in making these processes convenient with identified European
partner companies and economically viable. It is foreseen that with a possible future kerosene tax
and regulations on aircraft recycling, the operator will be incentivised to follow the proposed plan for
sustainability [11, 12].

3.6 Use of Resources

The design of such sophisticated aircraft requires various types of resources, ranging from experts to
design methods, software, and companies’ undisclosed information. A summary of the external re-
sources used in the design is presented below.

Avaluableresourcethe teamhas benefited fromis academiaexperts. While theteamknows aerospace
engineering, the advice and consultancy from experts in specific fields allow for a more detailed and re-
alistic design. The team’s supervisor, Dr. R. M. Groves, has given valuable feedback and advice on
various components of the design. Expertise also came from coaches, in particular, Dr. B.V.S. Jy-
oti and K.Vidyarthi for their knowledge on cryogenic tank design and helicopter design respectively.
Other experts in academia were consulted, namely Ir. Jos Sinke on manufacturing processes, Dr.
Fabrizio Oliviero on aerodynamics and stability and control, Dr. Wim Verhagen on aircraft mainte-
nance, and finally Dr. Calvin Rans on composite structure design. Working-professional experts were
also contacted to obtain a better understanding of current industry practices. This included engineer
Anton van Berkel from Nederlandse Radiateuren Fabriek for radiator performance information and
researcher Dr. B. Atli-Velti from TNO for advice on cryogenic tank design. Henrik Steen Pedersen,
executive vice-president of GreenHydrogen, was contacted to obtain undisclosed fuel production price
quotations. Information on battery charging was sought from Valérie de Vlam, an intern at Tesla Mo-
tors.

To design an aircraft with a high Technology Readiness Level, the team has striven to use commer-
cially available components for externally-produced parts. For this purpose, the product datasheets of
dozens of companies have been used and cited. This includes, among others, Linde, Praxair, Power-
Cell, Yasa, and Herose for instance.

Forthe designofspecificcomponents, internationally-validated methods were employed. Forthe blade
design, acodebasedonarefined version of Froude’s Blade ElementMomentum Theory was developed
[13]. The lifting-body fuselage’s aerodynamic properties were evaluated using the DATCOM method,
developed by the United States Air Force and the McDonnell Douglas Corporation [14]. For the tank’s
inner shell structural design, the well-established American Society of Mechanical Engineers’ code on
pressure vessel design was used [15]. Other design elements included theories from engineering text-
books, TU Delft courses, and research papers.

Lastly, engineering software that allows handling a high level of complexity helped the design process.
The design calculations of all components are performed with a Python script, which allows for a high
number of iterations. Thousands of design configurations are evaluated by a global script to integrate
and produce a weight-optimum design. A material selection software from Granta, CES Edupack,
is both used as a material and manufacturing information library, and a sustainability evaluation tool.
Javafoil, software based on a 3D panel method, was used to verify aerodynamic performance estima-
tions. To make sure the aircraft can be assembled as one product, a 3D rendering was created using
CATIA 3D Experience in order validate the design choices.
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Before diving into the pure engineering design, Futura’s operations are treated in detail. Some of the
locations in which the aircraft is going to provide intra-city and intra-regional airport transfers are ex-
plored, and the associated available flights’ routes are investigated in section 4.1. Then the mission
profile which characterises Futura’s operations is presented in section 4.2. This highlights the most
important phases of flights and presents Futura’s capabilities to land like an aircraft in emergencies.
Furthermore, all the necessary operations related to the refuelling of the aircraft are evaluated in sec-
tion 4.3: all the hydrogen path from production till delivery is thought and costs and time of refuelling
are estimated. Then, section 4.4 discusses the operations required to perform battery recharging, pre-
senting an estimate of its recharging time. Eventually, the operations related to the VTOL capabilities
of Futura and the turn around procedures are discussed respectively in section 4.5 and section 4.6.

4.1 Flight Routes

As the Futura will operate at both intra-city and inter-regional level, the specific flight routes for both
mission types need to be considered, which will be discussed in subsection 4.1.2 and 4.1.3 respec-
tively. This will be done by looking at existing flight routes and analysing how Futura can adhere to
them. However, it will also need to adhere to no-fly zones, which will be explained in subsection 4.1.1.

41.1 No-fly Zones

No-fly zones change daily. Reasons for this include the construction of buildings and important events
for which safety is an essential aspect. To find the most up-to-date information on no-fly zones, the
NOTAM database can be consulted by pilots. It provides a complete list of potential hazards and no-fly
zones along the envisioned flight route.! Before taking off at the airport, this database thus has to be
consulted by the Futura pilot to set up the flight plan.

4.1.2 Intra-city Transport

Itis assumed that when operating at intra-city level, the mission profile of Futura can be compared to
that of a helicopter. Therefore, helicopter routes were researched for the specific case of London: an
illustration of the defined helicopter routes for this major city is given in Figure 4.1.2 From this figure, it
can be deduced that helicopters have to follow strict flight paths, indicated by the thick dotted lines and
that multiple no-fly zones have been established. Futura will have to adhere to these rules, which will
impact the transport time between intra-city airports.

"URL https://notaminfo.com/international [cited 18 June 2019]
2URL https://www.caa.co.uk/Data-and-analysis/Airspace-and-environment/Airspace/London-h
elicopter-operations/ [cited 18 June 2019]
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Figure 4.1: Helicopter routes in London, indicated with the thick dotted lines.

4.1.3 Intra-regional Transport

During intra-regional transport, a cruise altitude of 2,000 m and speed of 350 kmh~" will be achieved.
This means that the Futura can be compared to a conventional twin-propeller aircraft and that aircraft
routes now havetobe considered. These routes are setup and describedin detail by Eurocontrol, which
manages air traffic in Europe.® Again, Futura will have to adhere to these defined flight routes and the
no-fly zones indicated by NOTAM.

4.2 Mission Profile

Defining the Futura mission profile is essential to determine the total energy needed to complete the
mission and the power required in all the different flight phases. To calculate the duration and dis-
tances of each flight phases, first, the entire range was considered. Indeed the requirement Futura-
TECH-VCM-1 from the customer states that the range should be at least 200 km, but a safety factor
of 1.5 was applied to this value in order to take into account emergencies, for example, allowing to
land in a different and farthest airport and to allow for loitering capabilities yielding to a total range of
300 km. Around this initial value, the mission profile was constructed, and it is shown in Figure 4.2.
The mission can be divided into five main flight phases: take-off, climb, cruise, descent, and land-

ing.

Regarding the take-off, a total time of 120 s is assumed, it includes the time where the aircraft engines
are turned on, the small taxiing distance that is performing from the gate to the helipad/runway and the
hovering phase during take-off before starting the climb.

Then the climb phase takes place; it has a duration of 250 s to arrive at the cruise altitude of 2000
m. The rate of climb that Futura has to achieve was set based on similar aircraft, in term of weight
and passengers. This yielded to a value of 8 ms™!. This value is also in line with the capabilities of
the Agusta Westland AW609 and also, for this reason, it was chosen [16]. The same was done for the
horizontal velocity during the climb, resulting in a value of 60 ms™!, leading to a total horizontal distance
of 15 km during this phase. In this mission flight phase, the transition takes place where the rotors and
the motors rotate thanks to the mechanism on the nacelle from a vertical position respect the ground,
ideal for VTOL performance, to a horizontal position allowing an operation like an aircraft during the
cruise.

SURL https://www.eurocontrol.int/articles/eurocontrol-route-network-chart-ern [cited 18 June

2019]


https://www.eurocontrol.int/articles/eurocontrol-route-network-chart-ern

4.2. Mission Profile 13

For the cruise phase, the velocity was assumed to be equal to 350 kmh~!, based on the maximum
speed requirement imposed by the customer (Futura-TECH-VCM-2 ). This results in a cruise time of
2777 sfor atotal distance of 270 km. The altitude at which Futura has to cruise was established based
on the minimum altitude allowed in a city environment. The stricter conditions can be identified in the
London intra-city operations, indeed there are specific routes that helicopters and aircraft must follow
when flying over the city with a minimum cruise altitude of 2,500 ft (726 m) above the highest obsta-
cle in an 8 km radius?, that in London is The Shard® with an altitude of 309.7 m. Based on this, it was
decided to perform the cruise at an altitude of 2000 m. This altitude is also lower than the minimum
altitude where the pressurisation inside the fuselage is needed (3000 m)®, this allows to a decrease in
the structural weight of the fuselage and allows to use other shapes rather than the conventional circular
cross-section, for this reason in Futura an airfoil shape is used. However, at the same, this altitude al-
lows also in a decrease in the power required during the cruise, since for a propeller aircraftitincreases
increasing the altitude.

Regarding the descent phase, the rate of descent is set to be equal to the rate of climb (8 ms™!), also
for the horizontal velocity, again equal to 60 ms™!. Like the climb phase, the descent phase has a du-
ration of 250 s with a total horizontal distance of 15 km. Like the climb, also in this flight phase, the
transition takes place, where the engines rotate from a horizontal to vertical position respect to the
ground.

Then, the landing phase takes place with again a duration of 120 s that includes hovering and also
a small taxiing.

Eventually, one last characteristic of a hypothetical Futura’s mission profile is the stall speed. In fact, in
anemergency landing situation, the aircraft presents the ability to glide as an aircraft. Hence the landing
approach had to be analyzed. The radius of the turn at landing can be found considering the airborne
distance, the screen height, and the approach angle.

hs
(dairborne - )

tany,

R ing = ——
landing = giny. —1+cosy,

The airborne distance and the screen height were found to be on average 435 and 15.24 m on average
based on an investigation of NLR [17]. While the landing angle was taken to be 3° as a typical landing
attitude. Then the approach speed could be evaluated using an average landing delta loading factor
(Anygnaing) 0f 0.15[18].

Vapproach = \/Rlanding ‘Aygnding* 9 (4.2)

Vapproach

3 the stall speed was found to be 50 ms~! [19].

Eventually using the relationship V¢4 =

4URL nttps://www.caa.co.uk/Data-and-analysis/Airspace-and-environment/Airspace/London-h
elicopter-operations/ [cited 16 May 2019]

SURLhttps://en.wikipedia.org/wiki/List of tallest buildings in Europe/ [cited 18 June 2019]

SURLhttps://en.wikipedia.org/wiki/Cabin pressurization/ [cited 18 June 2019]
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Figure 4.2: Futura mission profile.

4.3 Hydrogen Refuelling

Liquid hydrogen (LH,) is one of the most promising fuels of the future: itis the cleanest renewable fuel
currently available, as it produces zero emissions while running, and has a high energy-to-weight ra-
tio.” However, producing LH, is a rather difficult process as gaseous hydrogen (GH,) first has to be
produced and then liquefied by cooling to cryogenic temperatures. These two procedures will be dis-
cussed in subsection 4.3.1 and 4.3.2 respectively. After that, the differences between on- and off-site
production of LH, will be analyzed in subsection 4.3.3. Finally, the exact procedures for the refuelling
of Futura will be explained in subsection 4.3.4.

4.3.1 Production of GH2

There are three main ways to produce GH,: with fossil fuels, using biomass, and by electrolysis. A
summary of the processes is given in Figure 4.3.

Gas reforming from fossil fuels is the most common and cheapest method to produce GH,. The pro-
cess consists of converting alcohols and hydrocarbons into hydrogen by use of chemical processes.
As canbe seenin Figure 4.3, the primary energy sources are natural gas, oil, and coal. However, when
converting these products into hydrogen, emissions such as CO and CO, are released during the pro-
cess, which conflicts with the sustainability requirement of Futura [20]. Therefore, this GH, production
method will not be used for Futura.

The second production procedure is the chemical conversion of biomass by thermal- or biochemical
methods: the former is focused on the gasification of forest or waste wood, while the latter uses mi-
croorganisms to ferment and process the biomass. However, a major disadvantage of this process
appears to be the inability to deliver the GH,, in high amounts. Furthermore, justlike in the first method,
CO, is produced throughout the process, which clashes with the sustainability requirement of Futura
[20].

Thelastprocessis electrolysis, in which water is broken down into oxygen and hydrogen with electricity.
The most important advantage of this method is that no emissions are produced during the process,

TURL nhttps://sites.google.com/site/liquidhydrogenvsfossilfuels/the-advantages-and-disad
vantages-of-liquid-hydrogen [cited 18 June 2019]
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Figure 4.3: Processes for the production of GH,, [20].

provided that the electricity is generated by sustainable energy sources such as solar and wind energy.
The main drawback, however, is that the production cost is higher than other methods: approximately
3.5€/kg GH, (as stated by the company GreenHydrogen in personal emails, June 15 2019) compared
to 1.5 €/kg for GH, produced from fossil fuels. These values are based on centralised production,
meaning that the GH,, is produced off-site at a specialised company [20].

Taking into account that sustainability is paramount to the client, electrolysis using renewable energy
sources will be used to generate the GH,. The following step is then to liquefy the GH,,.

4.3.2 Liquefaction of GH2 to LH2

As hydrogen appears in gaseous form atambient temperature, it needs to be cooled down to a temper-
ature of 20 K (or -253 °C) to obtain LH,. This requires a significant amount of energy, and part of the
hydrogen is lost through evaporation, also known as boil-off of LH, .8 In order for the Futura to meet its
sustainability requirements, the necessary energy for this process again has to be obtained from renew-
able energy, such as solar or wind energy. The liquefaction of the hydrogen is an extremely crucial pro-
cesswhichisnecessarytotakeintoaccountalsofromacostpointofview. Currently the energytoliquefy
hydrogenis estimatedtobe 11 kWkg=![21]. The costofsuch energy processis dependentonthe energy
source used. Forthis application, an average ofthe current renewable energy prices is calculated to be
0.19 $ based on Irena 2018 report [22]. Hence, the cost of hydrogen liquefaction can be calculated and
consequently the price at which hydrogen liquefaction can be purchased: assuming a producer profit of
50%, the price was found to be 2.795 € /kg. However, it is expected that future research and achieving
economies of scale will lower the required energy and accompanied the cost of producing LH,,.

4.3.3 On-site or Off-site

There are two main options to produce LH,, fuel for airports: on-site or off-site. In the former case,
all the production facilities are located on the premises of the airports. The advantages of this op-
tion are that the transportation costs from the production center to the fuel pump are low and that the
airport can produce LH, independently. This means that if an LH, producer decides to increase its

8URL https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery [cited 18 June 2019]
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price significantly, the airport will not be affected by this price change. Specialised companies like
Linde offer the technology to build on-site LH, production facilities: these “packages” can already be
bought today, and thus no additional resources have to be used to develop the LH, production tech-
nology.® However, the disadvantages of producing LH, on-site are that it takes time and resources
to build and maintain the production facilities. From personal emails with the company GreenHydro-
gen, it was found that construction of just one GH, production facility costs 2.4 M€ plus an annual
servicing fee of 30,000€. The total costs are, of course, increased when liquefaction, storage, and
dispensing facilities need to be maintained as well. A serious risk is thus taken when choosing for this
option: should LH, turn out not to be the fuel of the future, the resources used for the construction of
the facilities will have gone to waste. Therefore, it is essential to be sure that there is a sustainable
market for LH, to fuel the hydrogen-electric rotorcraft before investing in expensive production facili-
ties.

The second option is to obtain the LH, from off-site production. This can be achieved by buying LH,
at specialised producers, such as Linde, and transporting it to the airport.’® The main advantage of
this option is that no LH, production facilities have to be built on-site, meaning that the implementation
of LH, refuelling can be done rather fast and cheap compared to the on-site production option. How-
ever, dispensing facilities will still need to be built to be able to refuel the Futura, and LH,, transportation
from the production companies to the airports will come with an extra cost. This transportation can be
done by the use of LH, tanker trucks or by use of existing hydrogen pipelines.?:'! As trucks emit CO,,
the most sustainable option for Futura would be to transport the LH, using pipelines, but building spe-
cialised pipelines for LH, is a resource consuming process, meaning that using trucks is the best option
for short-term implementation. The risk resulting from buying LH, from off-site producers is that these
producers have the powerto raise the LH,, prices according to their needs, but this risk can be mitigated
by closing long-term LH,, delivery contracts with a fixed price per kg.

Another option that could be considered is semi-centralised production: producing GH,, off-site and
liquefying it on-site to LH,. This means that only the liquefying and dispensing facilities have to be built
on-site, reducing in part the risk of on-site production. Transportation of GH,, still has to be ensured,
but this can be done with existing hydrogen GH, pipeline infrastructure which is a low-cost option when
transporting large volumes."" However, compared to the off-site production option, the disadvantage
forairports of constructing the liquefying facilities is more significant than the benefit of having a bitmore
independence by liquefying the GH, themselves.

Concluding, the best short-term solution is the off-site production option: the implementation of LH,
refuelling can be performed fast, and no risk is taken by not building resource-consuming production
facilities. Also, the costs for infrastructure adaptation are the lowest for this option. If the LH, industry
keeps growinginthe future, it might be beneficial for airports to investin semi-centralised oreven on-site
LH, productionfacilities, butatthis momentitis difficult to make accurate predictionsforthe future of LH,.

4.3.4 LH2 Refuelling of Futura

As discussed before, dispensing facilities will have to be built to refuel Futura. Linde already has the
technology for an LH, hydrogen refuelling station with a delivery rate of approximately 33.6 kgh~?.
This means that it will take 26min to refuel Futura, as each fuelling is around 14.30kg. A study from
the US Department of Energy predicts that the cost of LH, delivery and dispensing, excluding pro-
duction, will be around 5$/kg or 4.425€/kg in the near future [23]."> Combining this cost with the

SURL https://www.linde-engineering. com/en/plant components/hydrogen-fueling-technologie
s/index.html [cited 18 June 2019]
"URL https://www.the-linde-group.com/en/clean technology/clean technology portfolio/hydr
ogen_energy h2/h2 one stop shop/h2 production/index.html [cited 18 June 2019]
"URL https://www.energy.gov/eere/fuelcells/hydrogen-pipelines [cited 18 June 2019]
ZURL nhttps://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rat
es/ [cited 20 June 2019]
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GH,, production cost of 3.5€/kg and liquefaction cost of 2.795€ /kg, a total refuelling cost of 10.72€/kg
was found for Futura. Based on this estimate, it will cost 153.3€ to refuel the Futura with 14.30kg of
LH,.

To evaluate Futura’s mission cost, it is essential to compare it with the cost of a conventional propeller
aircraft or helicopter mission cost. These two were chosen since they are Futura’s direct competitors
interms of transport speed and fashion; besides, they also represent the non-sustainable competitors.
To compare the aircraft mission cost more easily an average between a similar helicopter and propeller
aircraft mission was calculated.

On the one hand, a regression using helicopters with similar payload capacity and cruise speed was
performed to find the fuel mass needed for 300 km range. On the other hand, Breguet’s equation was
used to estimate the fuel consumed by a conventional propeller aircraft. Once the fuel mass was esti-
mated for both cases, the average price of the mission could be found to be 227€.

The refuelling station operates in the same atmospheric conditions as Futura (-40°C to 50°C) and the
tank can contain up to 4,000 kg of LH,. Also, the connection between the fuel nozzle and the fuel tank
will be airtight and insulated to ensure that there will be no LH, leakage, improving the safety of the
entire system. Unfortunately, no exact construction costs were found for Linde’s LH,, fuelling station,
but Linde promises low costs and little maintenance effort.®

4.4 Battery Recharging

Based on the mission profile in section 4.2, the maximum mission power and energy are 1,147 kW and
1,342 MJ respectively. 392 MJ, or 109 kWh, will be provided by the battery as will be elaborated upon
in chapter 6. In order to provide this power and energy, a Ground Power Unit (GPU) will be used to
recharge the battery during the turnaround procedure on ground.

Currently, most GPUs are ran on diesel.’® However, this conflicts to make Futura as sustainable as
possible. Therefore, electrical GPUs were looked at, and the Supercharger V3 of Tesla appeared to
be the most promising one with a maximum power of 1 MW and an average cost of 0.28 €/kWh in
Europe.'* 1% Just as in subsection 4.3.4, this electricity needs to be obtained from renewable energy
sources, such as solar or wind energy, to improve the sustainability of Futura. Besides, Tesla would
pay for the complete installation and maintenance of the Supercharger station: this means thatthe only
cost for airports for battery recharging is the cost per kWh of 0.28€.'® Based on a total mission energy
of 103 kWh delivered by the batteries, it would cost 28.84€ to completely recharge Futura. Combining
this recharging cost with the LH, refuelling 182.1€ was found, which is 19.7% cheaper than when a
traditional jet-powered airliner would perform the same mission as was calculated in the previous sec-
tion.

The recharging time of the Futura is found by comparing it to the recharging time of a current Tesla
Model S: it takes approximately 1.5 h to completely recharge the Model S’s 95 kWh capacity battery at
a Supercharger station V2.17:18 As the Futura has a battery capacity of 103 kWh, or 8.4% more than
the Model S, the recharging time of Futura with a Supercharger V2 is estimated to be 98 min. However,
taking into account that the new Supercharger V3 can deliver three times more power compared to the
Supercharger V2, it is assumed that the recharging time with a V3 is a quarter of the recharging time

BURL http://www.guinault.com/en/aviation/gpu/ [cited 18 June 2019]

MURL https://www.tesla.com/blog/introducing-v3-supercharging [cited 18 June 2019]

URL https://www.tesla.com/en EU/support/supercharging?redirect=no [cited 18 June 2019]

URL https://techcrunch.com/2013/07/26/inside-teslas-supercharger-partner-program-the-c
osts-and-commitments-of-electrifying-road-transport/?guccounter=l&guce referrer us=aH
ROCHM6Ly91bi53aWtpcGVkaWEub3JnLwsguce referrer cs=D1IrHbXYtMBbawIWdJAcMQ [cited 18 June 2019]

""URL https://ev-database.org/car/1194/Tesla-Model-S-Long-Range [cited 18 June 2019]

"BURL https://www.tesla.com/en EU/supercharger?redirect=no [cited 18 June 2019]
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of the V2.'* Ultimately, this means that the Futura can be completely recharged in 25 min with a Tesla
Supercharger V3.

Itisimportant to note that this is a rough estimation as Tesla and other electrical GPU producers are not
willing to share specific data of their products, even after contacting them. Also, the linear scaling of
recharging time of Futura comparedto the Tesla Model S mightbe prone to errors. Finally, the difference
in the chemical composition of the batteries might cause a discrepancy as well. The recommendation
for the future is thus to analyse what the exact recharging time is of Futura by performing actual tests.

4.5 VTOL Capabilities

To ensure that Futura’s VTOL capabilities can be used to their full potential in existing airports, some
adjustments willneed to be made to the currentinfrastructure. The mostimportant processistheimple-
mentation of specialised VTOL take-off, parking, and landing sites. Besides, minor changes will need
to be made to Air Traffic Management (ATM) and marshalling procedures. These adaptations will be
discussed in subsection4.5.1 and 4.5.2 respectively.

4.5.1 Take-off, Parking and Landing Sites

To avoid the dead man zone when taking off and landing, runways will need to be present at the air-
ports. During take-off and landing, Futura will hover above these runways, similar to a helicopter, and
will increase its horizontal velocity while staying at the same altitude. With enough forward speed, the
aircraft can then startto climb while staying out ofthe dead man zone. One optionis to use the traditional
runways of airports. However, this takes away Futura’s advantage of increasing airport slots. A more
promising solution is to build new short runways with a length of approximately 80 m. The construction
and maintenance costs of these short runways are considered to be negligible compared to traditional
runways lengths of more than 3.5 km, along with the time frame needed to build them'®. In addition, it
is assumed that due to the small size of the parking sites and VTOL runways, the need of airport expan-
sionwill be very limited. Therefore, afastimplementation of these shortrunways in the airport’s existing
infrastructure can be achieved.

Astheuse of Futura’s VTOL capabilities increases airport capacity, new terminals and gates will need to
be constructed to provide the necessary services to passengers. However, this process is a resource-
consuming processwhichmightbe difficulttoimplementinthe shortterm. Therefore, newVTOL parking
sites can be constructed close to the short runways from where the Futura can take off and land. The
parking spot for one Futura aircraft will look similar to current parking spots for helicopters: a circle
with a diameter of 20 m, which is the length from the tip of one rotor of Futura to the other, with the
letter "F” in the middle to show Futura pilots exactly where they should land. Airport buses will then
transport passengers between the existing terminals and the VTOL parking sites, and 5 m will be left
in between two parking spots to provide enough space for the bus to pass. In the long term, special
VTOL terminals can be built which offer high-standard services and comfort to Futura’s passengers.
Visual representations of the short- and long-term vision can be seen in Figure 4.4 and Figure 4.5 re-
spectively.

For both the parking sites, i.e., in the short- and long-term vision, several facilities will need to be avail-
able: it must be able to board and disembark passengers, recharge, refuel, inspect the vehicle, etc.
Boarding and disembarking can be achieved by merely using airstairs from airports: these can be
placed against the Futura aircraft and act as standard stairs to enter and exit the aircraft. As decided
in section 4.4, a Tesla Supercharger V3 will be used to recharge Futura: the ideal solution would be to
implement this charging station in the ground. When the Futura is ready for the turnaround procedure,

PURL https://www.heathrow.com/company/company-news—-and-information/company-information/f
acts-and-figures [cited 20 June 2019]
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the charging cable can then be pulled out of the ground and plugged into the aircraft to start recharging.
After recharging is finished, the charging cable will be unplugged from the aircraft and stored back into
the storage department underneath the ground. The same process can be followed for the LH,, refu-
elling procedure of Futura: by using the LH,, refuelling stations of Linde and implementing the nozzle
cables into the ground, the Futura can be refuelled by pulling the refuelling nozzle out of the ground and
plugging itinto the aircraft.

Runway

ilkciclclele
@ Terminal
®

OI0I0
QIOIQ
QI0IO

Parking Site v
Figure 4.4: Short-term vision of VTOL Figure 4.5: Long-term vision of VTOL
sites. The circles with F represent the Futura aircraft. sites. The circles with F represent the Futura aircraft.

An essential factor to take into account is the position of the VTOL sites compared to surrounding com-
munities: as discussed in chapter 2, ithas to be ensured thatthese do not suffer under the noise created
by Futura. However, a study from NASA concluded that the noise from tiltrotor aircraft such as the XV-
15is within the boundaries set out by regulatory agencies: using the scales given by ICAQO, the highest
noise produced by Futura can be estimated at approximately 91 dB, while a maximum noise of 97 dB is
allowed for an aircraft with 4,000 kg MTOW [24, 25]. It must be noted that this is a rough estimation of
the noise emissions, and validation was not possible due to a lack of existing rotorcraft data. Therefore,
in-depth research and testing must be performed to find the exact noise levels created by Futura and
theirimpact on the surrounding communities.

4.5.2 ATM and Marshalling

The effect of implementing Futura in existing airports for ATM and marshalling will be minor. As the
aircraft will operate as a helicopter on the ground, the current marshalling techniques of helicopters can
be used to signal Futura visually. These are clearly defined by regulatory agencies like IATA.2° Hence,
there is no need for different marshalling signals.

For ATMthere willbe an apparent effect: as the airport willincrease its aircraft capacity due tothe VTOL
capabilities of Futura, the ATM willneed to be able to assist these additional aircraftinlanding and taking
off. Also, itis probable thatdifferent guiding methods will be used for Futura-like aircraft than for conven-
tional aircraftto notinterfere with the main runways ofthe airport, meaning that new employees will have
to be hired or current employees will need specialised training to guide aircraft with VTOL capabilities.

4.6 Turnaround Procedure

The turnaround procedure can be considered to be the largest and most important element of the on-
ground operations. In Figure 4.6, this procedure is given for Futura, which may only start after the
engines and rotors have entirely been shut down [26]. During this shutdown, chocks will be applied to
the tires of Futura to avoid unwanted movement on the ground. After the passengers have been dis-
embarked along with their luggage, the cabin will be thoroughly cleaned, and catering supplies (such

2PURL https://www.iata.org/publications/store/Pages/marshalling-signals.aspx [cite 20 June
2019]
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as water and sick bags) filled up by the on-ground personnel.

Disembark Cabin Board
Passengers Cleaning Passengers
10 min 158 min 10 min
Unload Fill Catering Load
Place Luggage Supplies Luggage Remove
Chaocks 10 min 15 min 10 min Chacks
5 min 5 min
Mechanical Complete
Land »  Checks » Paperwork Take Off
20 min 20 min
Stop Engines Start Engines
& Rotors Refuelling & Rotors
5 min 35 min —‘ 5 min
Recharging J
35 min

Figure 4.6: Turnaround procedure for Futura.

From Figure 4.6, it can be concluded that the refuelling and recharging blocks take up the most amount
of time of the turnaround procedure with 35 min each. To not exceed the turnaround requirement of
1 h, these two procedures will be carried out simultaneously. At the same time, the pilot will carry out
visual checks of Futura’s mechanical systems and will complete the necessary paperwork after these
checks have been completed. Should the pilot notice a malfunctioning component during the mechan-
ical checks, he or she will decide if the aircraft can fly with or without that component: in the former case,
the turnaround and take-off procedure will continue as planned, but the aircraft owner shall be notified
of the malfunctioning component. During planned maintenance, this component can then be replaced.
However, in the latter case, the flight will be cancelled, and the Futura will have to get unscheduled
maintenance as will be discussed later in the report.

When all turnaround procedures have been completed, the chocks will be removed, and the engines
and rotors will be started up for take-off. Combining all processes, a total turnaround time of 50 min
can be achieved which complies with the critical requirement of a maximum turnaround time of 1
h.

Conclusion

As Futura will operate on both intra-city and inter-regional level, it has to adhere to the specific
routes and no-fly zones set up by regulatory agencies. The aircraft will be able to complete a
maximum range up to 300 km at a cruise altitude of 2000 m. Futura is going to be capable of
achieving an 8 ms™! vertical rate of climb and to land like an aircraft in the emergency condition
in case full shut down power. Hydrogen refuelling will be achieved by off-site production of
LH, using the electrolysis process, in which it has to be ensured that the required electricity is
generated by sustainable energy sources. Completely refuelling will cost approximately 153.3€
and will take 26 min. Complete battery recharging will be achieved with the Tesla Supercharger
V3 for 28.84€, which takes an estimated 25 min to complete. Based on these time frames,
the turnaround procedure can be completed in 50 min, which is well within the requirement
of 1 h. Due to Futura’s VTOL capabilities, take-off, parking, and landing sites will need to be
constructed, both for the short- and long-term vision: visual representations can be seen in
Figure4.4and4.5. No adjustments will need to be made for marshalling techniques, but ATM will
need to hire additional personnel and/or provide the necessary training to guide VTOL vehicles.
This chapter establishes all the operational bases needed to present the aerodynamics design
and characteristics of the aircraft as outlined in chapter 5.




0. Aerodynamics

The aerodynamics of the aircraft will be presented in this chapter. This is the first step of the aircraft de-
sign, because the sizing of the wing, the rotors and fuselage is essential for the design and development
ofthe other components and subsystems. Firstlyin section 5.1, the wingis designed, including the wing
loading versus power loading diagram, the airfoil selection, the actual wing design including the high-lift
devices. Then, once the aerodynamic characteristics are determined, the operational envelope of the
aircraft can be defined. After that, Futura’s cabin is designed: defining it is essential to give a design
space for the design of the fuselage. Then in section 5.4, the lifting-body fuselage will be designed,
starting with the airfoil selection and then the actual fuselage design process will be explained. Finally,
in section 5.5, the rotor is designed and optimised for the different flight phases to achieve minimum
power plant mass.

5.1 Wing

Todesignand size the full wing, the first step is the construction of the wing loading versus powerloading
diagram where the wing area can be derived, then the airfoil needs to be selected, and at the end, the
wing will be sized. Finally the high-lift devices HLDs are sized and placed on the wing.

5.1.1 Wing Loading vs. Power Loading Diagram

The first step for design the wing for a propeller aircraft is the construction of the wing loading versus
power loading diagram. This diagram is based on the sizing for performance process, where the goal
is to identify the area in the diagram, where combinations of wing loading and power loading exist that
allow meeting the performance requirements.

ThisgraphasispossibletoseeinFigure5.1includessixcurves, each ofthemcorrespondtothe different
performance characteristics that Futura needs, the cruise speed, climb rate, climb gradient, manoeu-
vring performance, stall speed, and landing are displayed. Foranormal aircraft usually also the take-off
curveis included, but for Futurais not needed since itis a VTOL aircraft and does not perform a normal
aircraft take-off.

To plot all these curves, some assumptions are made; in particular, the maximum lift coefficient was
assumed based on similar aircraft for weight and passenger capacity. Indeed the lift coefficient (C;)
during the climb, with the €, in clean configuration and in landing with the flaps deployed was as-
sumed. For the lift coefficient during the climb, a value of 1.25 was assumed, while for the maximum
lift coefficient for the clean wing and the flapped wing, respectively a value of 1.5 and 2 was assumed.
The value for the clean wing will be then updated after the design of the wing, and the entire process
will be iterated until convergence. At the same time also the aspect ratio (A) was assumed, a value of
5.5 is used in the following calculation until the conceptual design of the wing and then the value will
be updated and the process iterate again. This value is based on the aspect ratio of similar aircraft, for
example, the Bell Boeing V-22 Osprey [27].

The lines in the Figure 5.1 are plotted using the following equations, in particular, the stall speed line is
plotted using Equation 5.1, the landing line with Equation 5.2, the cruise speed with Equation 5.5, the
climb rate with Equation 5.6, the climb gradient with Equation 5.9 and finally the manoeuvring perfor-
mance curve with Equation 5.10.
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The Futura cruise speed (V.,-,ise) is based on the requirement Futura-TECH-VCM-3 and itis equal to
97.222 ms~! (350 kmh~1), while the stall speed (Vy;4;;) is computed in chapter4 anditis equal to 50 ms 2.
Futurawillflyatanaltitude of2000 msothe density (p) usedinthe equationsisatthis altitude 1.007 kgm =3,
while, every timethatisindicated as p, is referringtothe density atsea level thatis equal to 1.225 kgm 3.

w

1
?zz'p'l{stallz'CLmax [19] (5.1)

The MTOW used in the following equation is equal to the 3925 kg from the requirement Futura-TECH-
VCM-6 (multiplied by the gravitational acceleration equal to 9.80665 ms~2) while the fuel weight (W) is
calculated in chapter 6 and is equal to 18.4 kg.

W CruPoVstau
S = mrow=w; - 19 (5.2)

MTOW
For the sizing for cruise speed some new parameters are needed, for example the Oswald span effi-
ciency factor (e) that represents the change in drag with lift of a three-dimensional wing and is calculated
with Equation 5.3, whilethe zeroliftdrag coefficientofthewing (Cy, )is calculated with Equation 5.4 where
Cp, forawingis equal to 0.007, while Cp, . _isthe 15% of Cp_ [28].

1

°=105+0007 A4 Y (8:3) Cay=Cp, +Cpypys. [28] (5.4)
3/4 1 -1
W C ._.p.V . 3 W 1
F =77p'<£> ) do 5 — cruise +<?> T [19] (5_5)
Po (?) T['A'e';'p'vcruise

Then for the sizing for climb rate, calculated with Equation 5.6, the climb performance of Futura are
considered, the rate of climb (ROC) is equal to 8 ms~! and is coming from the mission profile, while Mp
is the propeller efficiency factor and is assumed to be equal to 0.75 [30].

w_ L2 [19] (5.6)
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For the sizing for climb gradient, the climb gradientis needed thatis computed with Equation 5.7 where
the climb speed is equalto 60.5 ms~! using the Pythagorean theorem and considering both the ROC and
the horizontal velocity during climb again from the mission profile, that is 60 ms~!. Then also the drag
coefficient at climb is needed and is assumed using Equation 5.8 where C;, is the climb lift coefficient
previously considered and equal to 1.25.

6=29C g (5.7) Cu*
- Co=Cay+ —— [19] (5.8)
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Finally, the last curve is the sizing for manoeuvring performance and includes the maximum load factor
(nmax) allowed from regulations that for Futurais 3.5 from CS-29 (large rotorcraft) [31]. Since Futurais
aftiltrotor, it can be considered like a helicopter or an aircraft, so in order to find n,,, 4, also the regulation

[19] (5.9)

'"URL https://www.engineeringtoolbox.com/standard-atmosphere-d 604.html/ [cited 18 June 2019]
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CS-23 (normal, utility, aerobatic and commuter airplanes) was checked, but from this the maximum
load factor needed is 3.4, consequently it was decided to use the higher of the two.

w
Z.A.e.r’ .p.n-V . . —
_ P crutse (5) = [19] (5.10)
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Knowing the equation of all these sizing curves, the wing loading versus power loading diagram was
constructed in Figure 5.1, the graph represented is the one after the iterations with the new values of
the aspect ratio and the maximum wing lift coefficient in clean configuration.

Wing Loading vs. Power Loading
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Figure 5.1: Wing loading vs. power loading diagram.

The design point is the point in the green area (area below the curves) that combines the maximum
wing loading with the maximum power loading. For clarity, it is represented in the graph with a red dot.
Then, knowing the coordinates of this point, it is possible to derive the wing area (S) dividing the maxi-
mum take-off weight (MTOW) with the x-coordinate of the design point (the wing loading). In the same
manner, for a conventional aircraft, it is possible to calculate also the power at take-off again dividing
the MTOW with the power loading resulting from the design point (y-coordinate). However, this was not
taken into account since, in the graph, the curve represented the take-off performance was not plotted
as said before due to the VTOL take-off procedure of Futura. This results in an optimum wing area of
21.035 m? already considering the iterations coming from the new aspect ratio and the maximum wing
lift coefficient in clean configuration.

5.1.2 Airfoil Selection

Then, after knowing the optimum wing area for Futura, the airfoil needs to be selected. Forit, some pa-
rameters are needed, the Reynolds number (R, ), the Mach number at cruise (M, ise ), and the dynamic
pressure (q).

The Reynolds number (R,) is calculated with Equation 5.11 and includes the dynamic viscosity (u)
equalto 1.726-1075 at the cruise altitude of 2000 m and the chord length of the wing (c) that is assumed
to be 2 m based on similar aircraft in terms of weight and number of passengers.? However, also con-
sidering that the wings have to store the radiators, so to increase the height of the airfoil keeping fixed

the thickness over chord ratio (%) the chord length should increase. Resulting in a value of 1.134-107.

2URL https://www.engineeringtoolbox.com/standard-atmosphere—-d_604.html/ [cited 18 June 2019]
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R VA

R, = W [32] (5.11)
Thenthe Mach number atcruise was calculated and itis equal to 0.292, itis computed dividing the cruise
speed (V,4ise) by the speed of sound that includes the cruise temperature at 2000 m equal to 275.15K
adiabatic index (1) equal to 1.4 for a diatomic gasses and a specific gas constant (R) equal to 287.058

Jkg_lK_1.3’4’5

V .
a=+Toruise VR [32] (5.12) Meryise=—— [32] (5.13)

Finally, the last parameter calculated is the dynamic pressure (q) at cruise altitude 2000 m.

1
q= E 'p'Vcruise2 [32] (5-14)

The first step in the airfoil selection is to define with Equation 5.17 the design lift coefficient of the airfoil
(G, )s thatis the lift coefficient at the most fuel-intensive flight phase of the aircraft mission (the phase
at which the aircraft is supposed to fly most of the time). The total lift of the aircraft is set to be equal to
the maximum take-off weight (MTOW) (Equation 5.15), then for the wing lift, an extra 10% is considered
to compensate for the negative lift contribution generated by the tail to trim the aircraft (Equation 5.16)
[32]. Thellift produced by the fuselage in the following equations is assumed to be negligible compared
to the lift of the wing. Indeed itis just the 5% of the total wing lift.

Lwing

L=MTOW [32]  (5.15)  Lyimg=111L [32] (5.16)  Cle=—pg D321 (17)

After the calculation of the design lift coefficient of the airfoil thatis equal to 0.4 3, the airfoil selection can
be made [32]. The following steps are performed to select the optimum airfoil.

1. Assume the thickness over chord ratio (E)
2. Determine the airfoil design lift coefficient ¢y ;

3. Forthegiven(;, _lookfortheairfoilwithminimumdragatC;,,_andthe widestpossible dragbucket
around €y, ;

4. Select an airfoil with the largest C;  _  possible. However, avoid airfoils with sharp drop in ¢; im-
mediately after stall;

5. Select an airfoil with the lowest C,, possible at ¢ , .

The thickness over chord ratio (E) is assumedto be 0.18, this value was selected to have enough verti-
cal spaceinside the airfoil to allow the storage of the radiators thatare 11.2 cm heightwithout considering
all the structural connections, the mechanism that open the wing surface during take-off and the con-
nections betweenthem. Considering the 2 m chord chosen previously, this results in amaximum height
for the airfoil of 36 cm. An advantage of a thick airfoil like this is the required lighter structure of the wing
due to the increase in the moment of inertia. The only disadvantage is that the form drag increases
a bit due to the higher aerodynamic resistance to motion of the airfoil that has a high cross-sectional
area.

To select the optimum airfoil, knowing the optimum lift coefficient and the thickness over chord ratio,

SURL https://www.engineeringtoolbox.com/standard-atmosphere-d 604.html/ [cited 18 June 2019]
“URLhttps://en.wikipedia.org/wiki/Heat capacity ratio/ [cited 18 June 2019]
SURL https://en.wikipedia.org/wiki/Gas constant/ [cited 18 June 2019]
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a small trade-off was performed in Table 5.1. The trade-off is between three airfoil, the NACA 23018,
the GOE 504 and the UA(2)-180.8:7-8 Regarding the weight of the trade-off criteria, since they are just
three, itwas decided to divide on a scale from 3to 1. The value 3 is given to the maximum lift coefficient
Gy, criterion since it is a fundamental parameter for the design of the wing. The value 2, to the drag
coefficient C; since the drag is also important for the design of the wing but is also dependent on the
lift coefficient and finally 1 to the moment coefficient C,, that is the least important since the pitching
moment can easily balance by the horizontal stabiliser (elevator).

Table 5.1: Wing airfoil trade-off (R, =1-10°, C;,, = 0.431).

NACA 23018 | GOE 504 | UA (2)-180
CqatC,, | 0.00891 | 0.00894 | 0.01139
Cuyo 1.5196 13116 | 1.4941
CnatC,, | -0.0015 0954 | -0.0933

From the trade-off it can be seen that the NACA 23018 is performing better on the two most important
criterion (€, .. and Cq) while for the €y, is a bit worst respect to the others. Overall considering also the
weight of the criterion, it is possible to say that it is the best airfoil for the Futura, and for this reason, it
was selected. The values of the airfoil considered in the trade-off are derived considering a Reynolds
number of 1-10°%; this is not equal to the Reynolds number that the airfoil will be subject during the flight
that is 1.134 - 107, but unfortunately, it was not available. However, the lift and moment coefficients
are the same increasing the Reynolds number by a power of 10, just the moment coefficient change
approximately by 2/3 %, but this was assumed to be negligible.

The NACA 23018 belong to the NACA 5 digits airfoils. This family is appropriated for regional com-
muters aircraft (M,,is¢<0.4). They have very high maximum lift coefficient (the highest of all the NACA
families), but as a disadvantage, they do not have a docile stall performance. In particular, the NACA
23018, shown in Figure 5.2 has a thickness over chord ratio of 0.18 at the 30% of the chord with a
maximum camber of 1.5% at 15% of the chord.

Airfoil NACA 23018
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Figure 5.2: Wing airfoil.
In Table 5.2 the aerodynamic characteristics ofthe NACA 23018 airfoil are presented, the moment coef-

ficient(C,,)is considered at25% ofthe chord. These parameters are calculated with Javafoil (a program
that use the 3D panel method to compute the aerodynamic characteristics of different shapes).

SURL http://airfoiltools.com/polar/details?polar=xf-naca23018-11-1000000-n5/ [cited 18 June
2019]
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Table 5.2: NACA 23018 airfoil aerodynamic characteristics (R, =1.134-107, C;,, =0.431).

t
(z)max camber,, 4. o, Cla=0 Clmax Astanr | Cm at Cldes C,at Cldes L/D at Cldes

0.18 1.5% —1.6° | 0.237 | 1.646 | 15.4° -0.016 0.01507 28.674

5.1.3 Wing Design

The first step to design a wing is to calculate the required wing lift coefficient with Equation 5.18, con-
sidering that the wing loading of the aircraft is changing during the mission due to the fuel consumption
and the consequent reduction in weight. The resultis a C;,,. of 0.429, a bit lower than the design lift
coefficient of the airfoil. This comparison is also a verification process since the design lift coefficient of
the airfoil has to be higher than the wing one.

1 (1 |14 W
CL es=1-1'—'{—'[<—> +<—> ]} [32] (5.18)
¢ q 2 S start mission S end mission

At this design condition, the drag can be calculated with Equation 5.8 and results in a value of 0.021.

Then the next step was the evaluation of the wing lift curve slope (C;, ), this was done with the Equa-
tion 5.21 from the DACTOM method, that is a collection of statics relations based on designed aircraft,
wherenistheairfoil efficiencyfactorequalto 0.95, and g is the Prandtl-Glauertcompressibility correction
factor calculated with Equation 5.19.

2-m-A
C, = [28] (5.20)

* 2
2+ 4+(iﬁ)
n

B=+1—Mcryise® [28] (5.19)

After, knowing this parameter, the wing lift coefficient (C; ) at each angle of attack can be calculated with
the DATCOM Equation 5.21, taking into account the zero lift angle of the airfoil («,, ) thatis equal to-1.6.

C,=Cp, (a—ay,) [28] (5.21)

Then, a.,im, thatis the angle of attack at which the wing has to fly to deliver the design lift coefficient ¢, .
can be derived is calculated with the DATCOM Equation 5.22; itis equal o0 2.16°.

CL es
Atrim = Cd +ao, [28] (5.22)

a

The maximum lift coefficient of a wing (C;, ) depends on the leading edge (LE) sharpness parameter
(AY) thatis the percentage of the vertical chord between the 0.15% and the 6% of the airfoil chord. The
sharper the leading edge, the higher the intensity of the generated leading edge vortices; hence, the
higher the C; . Indeed, the shape of the upper part of the airfoil, near the leading edge, is mostly
responsible for the formation of these vortexes. Itis calculated with the DATCOM Equation 5.23, and is
equal to 4.68, in this case, the high value of AY, indicates that the airfoil is rounded at the leading edge,
so the flow starts to separate at the airfoil trailing edge (TE).

AY=26-(£) 33] (5.23)
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Figure 5.3: Leading edge (LE) sharpness parameter [14]. example and does not represent the selected one) [33].

Knowing the leading edge sharpness parameter of the airfoil, it is possible to calculate the maximum
lift coefficient of awing (Cy,, . ) with the DATCOM Equation 5.24 (for aspect ratio higher than 4) and itis
equalto 1.481, where the (CL’”—‘“‘) value is 0.9 value is taken from the graph Figure 5.5. With this value,

lmax

itisthen possible to performtheiterations. Indeed this maximum lift coefficient value of the wingin clean
configuration is used to construct again the wing loading versus power loading diagram instead of the
previously assumed value (1.5).

c
chax=<%>-clmax [28] (5.24)

Inthe samemanner, thewingstallangle (as;4;;)is calculated withthe DATCOM Equation 5.25 (foraspect
ratio higher than 4) and results in a value of 13.56°, considering a AaCLmax of 2.2 from the Figure 5.6.

CL
Astall = C:lax tao, +AaCLmax [28] (5.25)
a
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Figure 5.5:

Subsonic maximum lift of high-aspect-ratio wings [33]. Figure 5.6: Angle-of-attack increment

for subsonic maximum lift of high-aspectratio wings [33].

The effect of the transition between an infinite wing and a finite wing is visible in Figure 5.7, the lift curve
is rotating around the zero lift angle of attack thatremains the same, this affects the maximum lift coeffi-
cientthatdecreases. Knowing this, is then possible to do a verification test, indeed, from the calculation
is possible to see that the maximum lift coefficient for the airfoil is higher than the one for the wing. The
figure illustrated is just for a visualisation purpose of the effect of finite aspect ratio; it is not related to the
airfoil and wing aerodynamic characteristics.
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Figure 5.7: Lift curve from airfoil to wing [28].

Finally, the aspect ratio of the wing, is calculated with Equation 5.26, where (b) is the wingspan that is
computedwithb = % With awingspan of 10.517 m, the aspectratio of the wing is equal t0 5.258. Again,
also with this parameter, another set of iterations is possible. Indeed it is used in the generation of the
wing loading versus power loading diagram instead of the previously assumed value (5.5). This aspect
ratio was not changed, modifying the wing chord, but was kept constant. A quite low aspect ratio has
some advantage like the higherrollangularacceleration, the lower parasite drag compared to highwing
aspectratio (however, it has a high induced drag), lower bending stress.

b
A=—
c

[32] (5.26)

Itwas decided to use a rectangular wing, without sweep angle, since the Mach number at which Futura
willflyislow (0.292)and does notreachthetransonicregime. Indeedthe main advantage ofasweptwing
istodelaythewavedragincreasing the highercritical Mach number, butinthis case, thisisnotneeded. A
disadvantage ofthe sweptwingis the big nacelle required to place the rotors; otherwise, the rotor blades
willtouchthe wing duetothe sweep angle, thisbignacelle increases the weight, and also, forthisreason,
thisdesignwasdiscarded. Choosingthe straightwingleadstoanadvantage. Indeed the manufacturing
process is easier, with lower cost respect to swept wings, but also good stall characteristics of this wing
geometry asitis possible to see in Figure 5.8. The stall will start at the wing root and extend to the wing
tip, reaching the control surfaces (ailerons and flaps) last, this makes the aircraft controllable also after
the stall begins. The wing was placed at the low part of the fuselage (low-wing configuration) not for an
aerodynamicreason, since both high-wing and low-wing configuration have similaraerodynamics char-
acteristics. Butbecauseisimprovethe integration withthe landing gearwithoutincreasing the structural
weightandatthe sametimetoallowbetter visibility above the aircraftfromthe bigwindowinthe fuselage.

O << Oy
= OL < Oy | Ol = Ol

i

Figure 5.8: Stall progression pattern for a rectangular wing [32].

In Table 5.3, the aerodynamic characteristics of the wing calculated with the DATCOM method and
based on the NACA 23018 airfoil are presented. These values are also checked and verified with
Javafoil; indeed, the same values result.
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Table 5.3: Wing aerodynamic characteristics.

CLa %o, CLa:o Xtrim CLtrim Cp at CLtrim L/D at CLtrim stall CLmax
0.114° | —1.6° | 0.182 | 2.16° | 0.429 0.021 20.386 13.57° | 1.481

5.1.4 High-lift Devices

The next step is the High-lift devices (HLDs) sizing. To achieve the maximum lift coefficient of 2, to allow
alandingasanaircraftduringanemergency, itis needed to design some high-liftdevices. Unfortunately
is not possible to place leading edge high lift devices due to the presence of the radiators and the related
airintakes. So it was decided to place the HLDs at the trailing edge (TE) of the wing. Between the vast
amount of different trailing edge high-lift devices types, it was decided to put the simple and not extend-
able plain flap as illustrated in Figure 5.9. It was selected due to the simple and light hinge mechanism
thatrotatesiit, thatis veryreliable, but also due to the capability to also be deflected upward and operate
as an aileron, indeed this type of flap that also works like an aileron is called flaperon, this will be better
explained in chapter 7. This kind of flap can rotate up to 60° during an emergency landing to reduce the
approach speed as much as possible, the stall speed atthis C;, _willbe 39 ms~1. Thefigureillustrated
in Figure 5.9 is just for a visualisation purpose of the flap type; it does not represent the designed airfoil.

PLAIN FLAP

Figure 5.9: Plain flap [34].

Then, the following steps are performed to design the optimum HLDs [34].

1. Evaluating the targetAC; ;
2. Proposing appropriate types and combinations of High-lift Devices;

3. Estimating the available wing area to place HLDs;
4. Assuming certain chord fractions (%f) forthe HLDs;

5. Calculate the reference wing flapped area (EL;)

6. Calculate the shift of the angle of attack (Aa,, ) due to HLDs.

ThetargetAC;, s calculated subtracting from the maximum lift coefficient with full flap deployed that
is equal to 2 the maximum lift coefficient of the clean wing (1.481) and the maximum lift coefficient of the
fuselage at the wing stall angle (0.087) that is designed as a lifting-body with the shape of an airfoil, it
will explain more in-depth in section 5.4. This resultsin a value for AC;,  0f0.431.

The best flap chord (cf) for simple plain flaps is about 25% of the wing chord [34], so (%f) will be
0.25.

Then the reference wing flapped area (S,,¢), that is the available area in the wing to place the flap
(thered partofthe wingin Figure 5.10) can be calculated with Equation 5.27, where AC; . is aconstant
value equal to 0.9 for a fully deployed plain flap [34], and S... s the available reference area that in this
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case is the total wing area. Again, the figure illustrated in Figure 5.10 is just for a visualisation purpose
of the reference wing flapped area; it does not represent the designed wing.

Swr ACy,
= max 4 27
Srer 0.9-ACy,,. [34] (5.27)
fuselage
. /I\
NN RN\
flaps T Swe

Figure 5.10: Trailing edge (TE) reference wing flapped area [34].

Then, knowing the flap chord and the available area on each side of the wing, it is possible to find the
span-wise length that results in a total length of 2.8 m for each wing side, leading to a flap area of 1.4 m?
again for each side of the wing.

Then, the variation of the angle of attack due to the presence of the leading edge HLDs, is derived
with Equation 5.28 using a Aa,, of —15°[34], and results to a value of —7.99°, so ata given C;,, the angle
of attack will be —7.99° lower.

Aao, =Aaol~§ﬂ [34] (5.28)
ref

The effect of the not extendable trailing edge high-lift devices on the wing is visible in Figure 5.11. This
kind of HLDs will increase the maximum lift coefficient of the wing without changing the lift curve slope
(because the wing surface is not increased), but atthe same time decreasing the stall angle, promoting
the leading edge stall (the lift curve is shifted backward). The figure illustrated is just for a visualisa-
tion purpose of the effect of the flap on the lift curve; it is not related to the wing and flap aerodynamic
characteristics.

Lmax— flapped

CvL a flapped

&
&
&

20

Aoy,

Figure 5.11: Lift curve with plain flap [34].

The increment of the wing drag coefficient (ACDﬂap) due to the presence of the flap can be calculated
with Equation 5.29, where Fy,,), is a constantequalto 0.0144 for plain flap and 6 ¢, is the flap deflection
in degrees (the equation can be used for a flap deflection higher than 10°).
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ACDflap_Fflap' ) Sref ‘(6f1ap—10) [28] (5.29)

As itis possible to see in Figure 5.8, for a rectangular wing the stall will begin at the wing root and then
extend to the wing tip, for this reason, the flap (flaperon) will be placed at the end of the wing, so the air-
craft remain controllable after a hypothetical stall. These values calculated with the DATCOM method
previously explained, are also checked and verified with Javafoil; indeed, the same values result.

Table 5.4: Flapped wing aerodynamic characteristics (8,4, =60°).

CLa Ao, Astall CLmax CD at CLmax L/D at CLmax
0.114° | —9.59° | 5.57° 2 0.119 16.8

The final wing and flap dimensions are illustrated in Figure 5.12.

1051 m

4.47 m 1 H 447 m

28m ' 15m | 15m | 1sm ! 2.8m
Figure 5.12: Wing and flaperon dimensions.

5.1.5 \Verification and Validation

The calculations done with the Python code are compared with an excel file; in this way, all the functions
in the code are tested. At the same time, all the airfoil parameters taken from Javafoil are checked
with XFoil (another 3D panel method software), and the calculated aerodynamic properties for the 3D
wing with the DATCOM method are checked with Javafoil. Furthermore, it was also checked that the lift
coefficient of the airfoil was always higher respect to the wing lift coefficient at the same angle of attack
as canbeseeninFigure 5.7.

5.2 Operational Envelope

Defining the operational envelope of the aircraftis essential to identify the conditions in which itis going
to be able to operate. To ensure Futura’s success, the loads the aircraft will have to sustain in vertical
and horizontal flight have to be calculated respecting regulation as well. Futura overlaps both heli-
copters and aircraft operations. For this reason, two types of load limitations are considered: those
deriving from CS-29 regulation for Category B rotorcraft, and those deriving from CS-23 aircraft regu-
lation [35, 36].

To determine the maximum load the aircraft has to bear, the load factor (LF = %) as a function of
speed was produced for the aircraft operation. Once this value was obtained, it was compared to the
maximum load established by CS-29 regulation and the highest of the two is the one used for the de-
sign.

Hence, for what concerns the helicopter operation, CS-29 regulation establishes a positive limit load
factor of 3.5 and a negative limit load factor of -1 the rotorcraft has to sustain during any phases of flight
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[35].

For what concerns the determination of the limit load boundaries in aircraft mode, the intersection of
the manoeuvre and gust loading diagram has to be computed as established by CS-23 regulation [36].
The two diagrams were computed for different altitudes with the aircraftat MTOW, and the most restrict-
ing condition was found to be for a flight at the sea-level condition. According to CS-23 regulation, the
aircraft shall be able to withstand a positive load factor greater than 2.1+ Wi:ggoo (W being the aircraft
weight in pounds), but a limit load (n,,4,) not higher than 3.8. As a consequence, the upper limit for
the manoeuvre loading diagram is 3.4 as it can be seen in Figure 5.13. The negative limit load factor,
according to CS-23 regulation, is -1. Point S is the point at which the aircraftis stalling in clean configu-
ration. In other words, the liftis equal to the weight with a maximum lift coefficient in clean configuration
Cr,,. = 1.481. Point SF shows alanding load of 1.15 with full flaps deployed with a relative maximum lift
2NMmaxmg
ClLinaxS

in clean configuration and maximum load being 3.4. Point D is the last point ofinterestin the manoeuvre
loading diagram since it is the point at which a dive speed is achieved. By regulation the dive speed is
Vp =1.25-V, but the aircraftis never going to attain this flight velocity (437 ms™1) [37].

For what concerns the gust loading diagram, the red lines show the load factors the aircraft can en-
counterdueto agustspeed, atdifferentflight horizontal velocities. Forthe CS-23 aircraft three different
flight speed are considered: cruise, dive and flight speed during bad weather. The endpoints of the
dottedlines (Gg,G 4, Gp) which bound the gust are found using Equation 5.30.

coefficientof €, =2. Point A speed is calculated using V, = with maximum lift coefficient

=142 Pl g g [37] (5.30)
g 2 mTow-% 979

U is the vertical speed that can be encountered respectively with V., 1, and V5 for the above mentioned
conditions respectively. The values of the vertical speeds for the different conditions are respectively
Uc=16ms™!, Up =8ms™ Up =20ms~*. The remaining factors of the equations are K, and y1, which are
found with the following two equations in Sl units: [37]

0.88- 11, fg=——2— (5.32)
== g .
=537, (5.31)

Where ¥ is the wing loading of the aircraft. While the cruise speed and the dive speed are already
known, tf1e speed during bad weather can be found with the equation below.

Kg ‘Ug* U Veruise: CLa

w
498-?

Ve =Vstau \/ 1+ [37] (5.33)

Where in this case K and 4 are inimperial units.
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Figure 5.13: Combined loading diagram sea level conditions.

By combining the manoeuvre and gust loading diagram, the operational envelope can be obtained as
the blackline. The uppern,, . is 3.8 as specified by CS-23 requirement as well as its negative counter-
part, which cannot be 0.4 times the positive limit [36]. These two conditions limit the natural extension of
combined loading diagram given by the intersection between the gust and manoeuvre loading. Even-
tually, it can be noticed that the load factor established by CS-23 regulation is stricter than that one of
CS-29 regulation for vertical take-off and landing operations.

5.3 Cabin Design

The design of the cabin is an important factor to attract new business customers to become Futura’s
clients. The cabin will be minimal in terms of accessories to minimize the weight, without sacrificing the
comfort of the passengers.

5.3.1 Cabin Characteristics

The first characteristic that set it aside its competitors is the continuous glass window that replaces the
typical aircraftwindows. The material for such window was chosen to be Alumino Silicate - 1720, which
presents strong resistance against crack propagation and debris impact[9]. This material selection has
been made possible by the fact that the fuselage is not going to be pressurised. One main doorand one
emergency door is going to be present in the cabin

The cabin will have a standard seat configuration for six business passengers with business seats.
Every passenger’s seat is equipped with one table and one small compartment in which beverages
and snacks can be taken during the flight. In the back of the aircraft within the cabin area, a small
cargo area is going to host the hand luggage of the passengers. The material for the cabin’s interior
was chosen to be Ecopaxx (PA410): this novel material can replace the conventional plastic that is
widely used in fuselage interiors, increasing the sustainability of the aircraft.® Eventually, the division
between the cockpit and the passenger cabin is going to be created by a simple curtain place in front
of the two exit doors. The cockpit is going to be particularly designed to be centred around one pi-
lot.

SURL https://www.dsm.com/markets/engineering-plastics/en/products/ecopaxx.html [cited 18 June
2019]
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Figure 5.14: Cabin interior illustration.

Figure 5.14 shows an illustration of the cabin from the top and side view. As it can be seen the shape of
the fuselage is non conventional. The advantages of adopting such shape are treated in section 5.4.
5.3.2 Cabin’s Component Masses

The cabin doesn not only contain everything visible to the passengers, but it also includes important
flightinstruments. The masses of the flight instruments and the cabin furnishing have been estimated
using Roskam Il estimation [38]. The avionics mass was calculated using Roskam relationship.

Table 5.5: Cabin’s component masses.

System Mass [kg]
Radar Antenna 3.6
Air Conditioning 69.5

Avionics 72.0

Flight Control 80.6
Furnishing 225.0

The antenna mass was assumed to be 5% of the total mass of avionics. The mass of the flight control
was estimated using Roskam relationship too. Futurais going to be controlled by one single pilot. Then
the airconditioning mass based on Roskamrelationship was decreased by 65% since no pressurisation
in the cabin occurs. Eventually the mass of the business seat was estimate using a typical value given
by Roskam and applying a correction factor of 1.5 in order to account for extra comfort during flight.
Lastly, the mass of the small compartment with beverages and snacks was estimated to be 5 kg per
passenger.

5.3.3 Cabin’s Dimension: Verification and Validation

The internal cabin’s dimensions were initially set to be the same as the comparable aircraft Mitsubishi
MU-2 which presents a similar MTOW. Hence the width of the cabin was set to be 1.48 m while the
cabin height 1.4 m. These values are the most conservative ones, and they are going to vary once the
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fuselage lifting body is designed. To verify the ergonomics and dimensions of the cabin, a CATIA V6
model was produced; with this program, a virtual reality experience was completed to check whether or
not the aircraft’s space was liveable.

5.4 Fuselage

To design and size the fuselage, the first step is the sizing; the dimensions are derived from the cabin
sizing previously done. Then the airfoil can be selected, and finally, the aerodynamic characteristics of
the fuselage can be computed.

5.4.1 Airfoil Selection

The first step in the fuselage design is dimensioning. From the operation team, the cabin sizing was
given, and around these values, the entire fuselage was constructed. The cabin internally needs to be
5.45mlong, 1.48 mwide and the heighthastobe 1.4 m. Itthe cabin was divided into the pilot cockpitand
the passengercabin. Indeed the pilot cockpitwas designedtobe 1.2 mlongand correspondstothe nose
conewhiletherest4.25 misforthe passenger. Thenthe tail cone was sized to have a total fineness ratio

(Li) of around 0.15, value in the range of typical subsonic jet aircraft and ideal to have a low pressure

drgg [39]; at the same time it allows to have enough space to place all the needed components like the
fuel celland the tank. The internal dimensions of the fuselage are visible in Figure 5.15. Regarding the
external dimensions, it was assumed to consider a structural thickness of 0.04 m all along the fuselage;
this value is quite small because a pressurised structure is not needed.

A4

lnc =1.2m l =425m le=42m

cabin

lr =9.65m

Figure 5.15: Fuselage internal dimensions [39].

As stated in the previous section, the fuselage was designed to be a lifting-body, with a shape like an
airfoil. This because pressurisation is not needed due to low altitudes, and so a circular cross-section
(thatis the most suitable concerning the capability to carry the tension loading and the bending loading
due to the different pressure with the outside) is not required. For this reason, a shape with better aero-
dynamic characteristics was designed, to reduce the drag and produce some lift.

Then the three-dimensional fuselage shape was constructed. First it was assumed to be like a rect-
angular wing with a chord of 9.73 m and span of 1.56 m (external fuselage dimensions), but then to
design the nose cone and the tail cone and to make the body more slender but at the same time also
more captivating, the parts illustrated with the oblique line in Figure 5.15 were discarded. Then, know-
ing the final dimensions, the fuselage aspect ratio is found with the formula for not rectangular wing

2
A=-2 , Where F,,.., is the fuselage area and results in a value of 0.213.

area

Then the Reynolds number (R,) needs to be updated since itis different from the one of the wing due to
the different chord length, resulting in 5.519-107, again using Equation 5.11.

The airfoil selection for the fuselage was not performed like the one for the wing with a trade-off, be-
cause for this, a particular shape is required to allow enough internal space for the passenger cabin
and the storage of all the needed components. However, at the same time, an airfoil similar to the wing
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one is required to have similar aerodynamic characteristics. Indeed since no already used airfoil was
ideal for this specific task, it was decided to create an airfoil based on the interested parameters, and
this results in an airfoil that belongs to the NACA 5 digits airfoils, and that can be called NACA 25121
as shown in Figure 5.16. This airfoil has an optimum lift coefficient equal to the wing airfoil (0.431), a
thickness over chord ratio (%) of 21% at 30% of the chord and a maximum reflex camber of 2% at 25%
ofthe chord (camber line that curves back up near the trailing edge (TE)). This particular shape enables
to have a height of 1.4 mm at the end of the passenger cabin.

Airfoil NACA 25121

4 1 —— Airfoil Surface
—— Chord Line
3 4 =—— Camber Line

Height [m]

0 2 4 5] 8 10
Length [m]

Figure 5.16: Fuselage airfoil.

In Table 5.6 the aerodynamic characteristics of the NACA 25121 airfoil are presented, the moment
coefficient (C,,) is considered at 25% of the chord. These parameters are calculated with Javafoil.

Table 5.6: NACA 25121 airfoil aerodynamic characteristics (R, =5.519-107, C;,, = 0.431).

t
(—)max cambernay | @, | Ciyy | Cipww | @stau | CmatCh,. | CaatC,, | L/DatcCy,

Cc
21 2% -15° | 0.211 | 1.917 | 18.1° 0.003 0.0131 33.224

5.4.2 Fuselage Design

To design the fuselage, the first step is to evaluate the wing lift curve slope (Cy ) with the DATCOM
equation Equation 5.21 again taking into account the Prandtl-Glauert compressibility correction factor
calculated with Equation 5.19. Then, the wing lift coefficient (C;) at each angle of attack can be calcu-
lated with the DATCOM Equation 5.21, taking into account the zero lift angle of the airfoil («,, ) that is
equalto-1.5.

To calculate the drag coefficient of the fuselage (Cp) at each angle of attack with Equation 5.8, some
parameters are needed, like the Oswald efficiency factor (e) calculated again with Equation 5.3 and the

Swet

zero lift drag coefficient of the fuselage (Cy, ) with Equation 5.34, where ( ) is the wetted area over

ref

the reference area (area of the wing), that for a twin engine light aircraft is equal to 5 from Figure 5.17

and Cy, that is equivalent skin friction coefficient, for this kind of aircraft is 0.0045. The (Cfe . iLe;) part
inthe equation is the total zero lift coefficient of the aircraft, the factor 0.9 is a reduction factor to take out

the excrescence and leakage for a propeller aircraft (miscellaneous drag) and the zero lift coefficient of
the wing previously calculated was subtracted as well [28].
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Swet
Cdofuselage =09- (Cf Swef) Cdowing [28] (5-34)
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Figure 5.17: Wetted area ratios [33].

Afterallthese calculation, the results are presentedin Table 5.7, where the aerodynamic characteristics
of the fuselage calculated with the DATCOM method and based on the NACA 25121 airfoil are listed. It
is possible to notice that the lift over drag ratio for the designed fuselage at the trim condition is higher
than 1. This means that the fuselage will produce more lift than the drag, this value for a conventional
fuselage with acircular cross-sectionislowerthan 1. This result confirms that the design of the fuselage
was successful; indeed it helps to decrease the drag and increase the lift, increasing the lift over drag of
more than 230% respect to conventional circular cross-section fuselage. However, itis also needed to
say that the lift coefficient created by the fuselage is very small compared to the clean wing one at trim
conditions (5% respect to the wing). This value is due to the low aspect ratio of the fuselage, the value
of the lift coefficient calculated with the DATCOM method previously explained was also checked and
verified with Javafoil, indeed, the same value results.

Table 5.7: Fuselage aerodynamic characteristics.

CLu aOL CLa:O Atrim CLtrim CD at CLtrim L/D at CLtrim
0.00577° | —1.5° | 0.00866 | 2.16° | 0.0211 0.0174 1.215

Estimating this novel fuselage mass is extremely challenging as itis strongly dependent onits structural
design. However, the external dimensions of Futura’s fuselage on average are comparable to similar
aircraft, even considering its lifting characteristics. For this reason, the mass of the fuselage has been
estimated using similar twin propeller aircraftin the same weight category [40]. A fuselage mass of 278
kg was obtained statistically based on the maximum take-off weight of Futura and applying a reduction
of 15% for the use of new technology [40]. This value is likely to change in future design iterations,
especially since the fuselage structural design has not yet been completed. This does not mean that
the fuselage mass might only increase because of its innovative shape, but also decrease since the
statistical estimate is based on pressurised aircraft whose structural mass is particularly big. Hence
this factor has been taken into account in section 9.5. Eventually the material chosen for the fuselage
frame has been selected to be Aluminium 7075 T73 as itis widely used in aero-structural applications
[41]. The fuselage skin panels, however, are preliminary selected to be made in Aluminium 2024 T6
which has a lower specific mass [9, 41]. The fuselage floor, finally, is made of aluminium -polyethylene
composite panels in order to limit its mass [9].
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5.4.3 \Verification and Validation

Verification of the calculations was done by comparing the results from the Python code with an excel
file, where each function inthe codeis tested. Atthe same time, all the fuselage airfoil parameters taken
from Javafoil are checked with XFoil (another 3D panel method software), and the calculated aerody-
namic properties forthe 3D fuselage withthe DATCOM method are checked with Javafoil. Furthermore,
it was also checked that the lift coefficient of the airfoil was higher respect to the fuselage lift coefficient
atthe same angle of attack as can be seenin Figure 5.7.

5.5 Rotor Design

Following with the aerodynamics design, the study of the rotor is of uttermostimportance to analyse the
power and energy required to perform the different phases of the flight. An optimised rotorgeometry can
contribute toaweightsave ofalmost 100 kg compared toanon optimised one, as willbe presentedin this
section. A Blade Element Momentum Theory (BEMT) code was developed to compare different blade
designs and provide accurate estimates of power and energy following the method by J.G. Leishman
[42].

5.5.1 Blade Element Momentum Theory

The blade element momentum theory combines the Blade Element Theory (BET) and the Simple Mo-
mentum Theory (SMT). This provides a model that is based on solid physical principles, relatively free
of empirical relations. Another advantage of applying this method is that it serves as a tool to design the
blades of the rotor, and provide more accurate estimates of power and thrust for different blade designs
compared to SMT. Using conservation of mass, momentum and energy to different annuli of the rotor
disk, the BEMT allows to calculate the aerodynamic loads over the blade, accounting for hub and tip
losses.

Starting with principles of momentum theory, the thrust produced by a rotor annuli can be computed as
the product of the mass flow through the annuli and the induced velocity at that same location, as shown
in Equation 5.35. Eachrotor annuliis located at a certain y distance from the center of the rotor [43, 44].

dT =v-dm=2np (Ve +v)ydy (5.35)

As on many mathematical and physical derivations, non-dimensional equations will be used to gener-
alise the problem and gain insight regarding the influence of different parameters on the final outcome.
Therefore, from now on, all the derivation will be followed with dimensionless quantities, until the final
values ofthrustand power are computed atthe end. The thrust coefficient, which now gainsimportance,
can be written as specified in Equation 5.36.

_ dT
~ p(mTR?)(QR)?
Following helicopter conventions, the speeds can be non-dimensionalised by the tip speed, as written

in Equation 5.37 and Equation 5.38. On a similar manner, the span-wise location of the different blade
elements can be described by Equation 5.39.

dcy (5.36)

=7 5.37 P 5.38 =Y 5.39
== (537) w=p2  (538) r= (5.39)

A R

Now, the thrust coefficient can be expressed in a more elegant form in Equation 5.40, with the relation
of the average induced velocity shown in Equation 5.41.

2p (Voo +v)v(2TYdy)
dCT = 2 2
ptR?(QR)

=4 0rdr  (5.40) A=+ e (5.41)
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Rotational plane

Figure 5.18: Representation of the rotor angle of attack («),
and incoming flow angle (¢) and blade geometric angle () with the rotational plane at a given blade element.

Aninteresting advantage of BEMT is that it can account for blade loss effects due to the vorticity gener-
atedatthetipandattherootoftheblade. Using Glauert’scorrectionsin Equation5.42and Equation5.43,
these losses can be computed.

By = cos—t blor 542)  Fp=—cost 5 7= Thub 5.43
tip = —cos™"| exp| =3 Sing (5.42) hub = —-c0os™"| exp| —5 e sing (5.43)

The total loss due to the vorticity effects can then be found in as the product of both of these loss factors
Fiip* Fryp- Inthis equations, the hub and tip loss are calculated as a function of the angle ¢, which is the
angle of the incoming flow each blade element experiences, and the rotational plane. A graphical rep-
resentation of this angle, together with the angle of attack of each blade element («) and the geometric
angle of each blade with the rotational plane (8) can be seenin Figure 5.18. This angle ¢ is therefore a
function of the induced velocity 4 at the blade element. A more accurate value of C; can now be found
according to Equation 5.44 using SMT [45]. This equation can be compared to that obtained by pure
blade element theory, where the thrust obtained by a blade element is shown in Equation 5.45.

1 O'Cl
dCr=4F, o AArdr (5.44)  dCr=50Cpidr=—*(0r?—Ar)dr (5.45)
Therelation shownin Equation 5.46 can be derived betweenthe loss factor F;, and the induced velocity
4, combining the two equations above. As it was derived above, the loss factor F;,; is a function of the
induced velocity A, which is itself a function of the loss factor. Equation 5.46 can be solved numerically
with a fix point iteration for an initial estimate of F;,; at each of the blade elements.

O'Cla
2

Once convergence is achieved, the induced velocity distribution can be found at each of the blade ele-
ments. An accurate prediction of the aerodynamic loads can be obtained, providing the desired value
of Cr. Similarly, with 2 one can predict the power required to drive the rotor. This power has two compo-
nents, one derived from the induced power required to keep the aircraftin the air found in Equation 5.47,
and another required to spin the rotor and overcome the drag of the rotating blades specified in Equa-
tion 5.48. Once more, first the non-dimensional coefficients are computed, and these values are then
dimensionalised.

(012 —2r) =4F, 0, A(A—Aoo)T (5.46)

r=1 1 1
CPind=L=0 AidCT (547) CPPTOfZL EO'Cdr3dT' (548)
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In such equations, the induced power can easily be calculated by numerical integration of the induced
velocity by the thrust coefficient at each of the rotor annuli. The calculation of the profile power, on the
otherhand,ismore cumbersome. Afirstestimate ofthisvalue canbe provided by usingthe zeroliftprofile
dragofthe airfoil of choice. More accurate results are achieved when the drag coefficientis computed at
eachblade elementangle ofattack. As willbe shownlater, a correction method needstobe present. Due
to the different operational regimes of the rotor (from hoverto almost 100 ms~! at cruise), awide range of
angles of attackis experienced at differentlocations of the rotor. A high angle of attack correction needs
to be implemented to ensure realistic values of the profile drag. The Viterna method was employed
to extrapolate airfoil lift and drag coefficients beyond usual wind tunnel experiment data [46]. A set of
existing data as initial values is required to estimate the aerodynamic performance of the given profile
at any angle of attack. This method is applied to the NACA 0012, which is the airfoil used all along the
blade. This airfoil is chosen as itis a typical selection for the blades of rotorcraft [47]. Equation 5.49 and
Equation 5.50 can be employed to compute the C; and C; of the airfoil, respectively, from ag,, to 90°.

_ cos’a
C;=A;sin2a+A,
sina

(5.49) Cy=B,sin’a+B,cosa (5.50)

Thevaluesof A, A,, B, and B, are based on the initial data available for the airfoil. These relations can
be found in Equation 5.52, Equation 5.53, Equation 5.54 and Equation 5.55, with the relation shownin
Equation5.51. Atthis stage ofthe design, the aspectratio (4) ofthe rotor has to be estimated to compute
the extrapolated C; and C;. The initial estimate for this value is of little importance, as it has very little
impact on the results. An initial estimate of 10 was therefore selected [46].

Cdmax
Cipa, =1.11+0.0184 (5.51) A1=—2 (5.52) B,=Cq,.. (5.53)
A (Crgran ~ Clpmar SIN®sta11COSA5¢q11) SINA st a1 .
2 2 Cq...—C sin“a
cos?a dea — Cd tall
! (554) By =~ _me L (5.55)

COSAstqil

To obtain the extrapolated values for a >90° and a < a,,,;5, the calculated data can simply be reflected.
The results obtained for the NACA 0012 before and after applying the Viterna method can be found in
Figure 5.19 and Figure 5.20.
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Figure 5.19: NACA 0012 lift coefficient data using XFoil (left) and Viterna extrapolation method (right).
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Figure 5.20: NACA 0012 drag coefficient data using XFoil (left) and Viterna extrapolation method (right).

The values obtained can be compared with experimental data to assess the validity of the model. In
Figure 5.21 the values of C; are compared between the Viterna method and wind tunnel experiments
performed by NASA [48].
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Figure 5.21: Comparison of NACA 0012 lift (left) and drag (right) coefficient data
using Viterna method (blue) and experimental data (black), at Reynolds number 5-10°.

As it can be noticed in Figure 5.21,the Viterna extrapolation method provides a very good estimate of
the C, forthe range of a. The C4, onthe other hand, seems to be underestimated when compared to the
values obtained from wind tunnel tests. It must be noted the experiments carried out to get the values
represented in Figure 5.21 proved discrepancies between different airfoils. Symmetric airfoils with dif-
ferent thickness to chord ratio were tested, and the discrepancies in the data obtained seemed greater
than what could be expected for such changes in the thickness to chord ratio [48]. Since the Viterna
method is widely accepted and used for experimental data extrapolation, the values obtained from such
method willbe used forthe purpose ofthis design. Wind tunneltests willhave tobe performedto validate
the results presented in this section. On a similar note, the Montgomerie method to extrapolate airfoil
data proved to show very similar values as those of Viterna, justifying the use of the data obtained from
the latter method [46].

Once the C, is calculated for a wide range of a, the Cpmf can be computed in a more accurate manner
than with standard XFoil data. Finally, the values of power and thrust can be obtained dimensionalising
Cp and Cy, respectively. As will be analysedin more detail inthe next section, different blade geometries
prove to have an important effect on the performance of the rotor. Different blade parameters will be
analysed in order to obtain an optimised design.

5.5.2 Blade Design Optimisation

Radius, twist, tip Mach number, solidity, number of blades or airfoil selection are just a few of the many
variables a designer has to determine with the objective of optimising performance. However, the in-
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fluence that each of these factors has on the behaviour of the rotor varies considerably. While some
parameters may be almost trivial, such as the exact blade cutout location at the root, other parameters
prove to be of great significance to the power required to drive the rotor, such as the twist distribution
along the blade. In this subsection first the parameters kept fixed throughout the design are described.
Then, the parameters optimised are explained and analysed in detail. Finally, the results of the optimi-
sation are presented.

For the design of Futura, two main relevant outcomes of the rotor design determine the weight of the
power plantsystem: powerand energy. Since the aircraftis equipped with a hydrogen powered system,
peak powers shall be kept as low as possible as a general guideline to maintain a relatively low mass
of the power plant system. These two concerns drive the design of the blade, and the optimum one is
found based on the lowest associated power plant mass.

The selection of the rotor radius is possibly the most determining factor on the aerodynamic perfor-
mance of a helicopter. Bigger rotor radius prove to decrease the overall power for tilt rotor, which, as
specified above, is one of the main objectives of this blade design. One main constrainton the rotor size
is the interaction with the fuselage. The tip of the rotor shall be at a distance which prevents collision
between the two parts, as well as low disturbance on the cabin. A distance of 0.6 m was evaluated
adequate, since it allows for low power with low interaction with the fuselage, yielding a rotor radius
value of 4.32 m. The next value to choose is the rotor inner cutout. A choice between 0.1 and 0.25
of the rotor radius is a typical value, but of little relevance to the performance of the rotor. A value of
0.2 was taken. The size of the rotor is directly linked to the tip speed and the rotational speed. Big-
ger rotors mean slower rotational speeds for the same tip speed. Increasing the speed of the blades
generates more thrust in the rotor. A limit is reached when drag divergence appears at the tip of the
rotor, the point with the highest speed. For the airfoil chosen, the NACA 0012, drag divergence ef-
fects appear at a Mach number of 0.8. This means the tip of the blade should not reach this speed, or
an excessive amount of drag will be encountered, as well as compressibility losses [47]. This value
was taken with a margin, and a maximum tip speed of Mach number 0.75 was selected for the ro-
tor.

The last values to be determined are the number of blades, and the taper. The number of blades is
a parameter that has little influence on the performance of the rotor. A more interesting variable is the
rotor solidity, whichis optimised forminimumweightofthe propulsion system. 3 blades were selected for
the rotor as it provided a fair compromise between weight and induced tip losses [49]. Finally, the taper
ofthe blades had to be selected. Even if an optimum combination of twist and taper could have benefits
ofthe performance of the helicopter, the twist of the blades alone proves to have a higherinfluence over
the behaviour of the rotor than the taper alone [47]. Similarly, adding twist and taper complicates further
the manufacturability of the blades. Therefore, despite a possible improvement in the performance of
the blades, non-tapered wing were selected.

The optimisation of the rotor blades entails selecting blade twist and rotor solidity to achieve minimum
power plant weight. The twist along the blade is directly related to the lift generated by the rotor, as well
as the profile power, as it controls the angle of attack of each blade element. Different types of twist
were considered, ranging fromidealto lineartwist. Very little difference in the power required was found
for the ideal twist compared to the linear twist. Only linear twist was therefore considered due to the
simpler manufacturability of the blade. The rotor solidity, on the other hand, is related to the thrust and
drag-producing surface. As it will be shown, different values for the twist distribution along the blade
and rotor solidities will yield very different power required at the specified thrusts. It should be noted
that these parameters will not be optimised for one condition only, as many helicopters are, but rather
for a range of operating conditions. These operating conditions come from the peculiar mission profile
Futura needs to satisfy. Different combinations of rotor twists and solidities were compared and evalu-
ated. As an example, Figure 5.22 shows the power required throughout the mission for three different
profiles. In blue, the power required for a low solidity (0.02) low twist (-1° difference between the tip and
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Figure 5.22: Power required for three different rotor designs throughout the mission.

the root) is plotted throughout the mission time. Similarly, in red, the figure shows the power required
foramid solidity (0.05) mid twist (-15° difference). Finally, in black, the power required for a high solidity
(0.09) high twist (-30° difference) is shown.

Someinteresting conclusions can be derived from Figure 5.22. Firstly, itcan be noted thatthe maximum
powerrequired at hoveris for the low solidity, low twist rotor. This rotor, however, performs considerably
better at cruise, with almost 200 kW less than the worst performing one. The maximum power required
is achieved by the high solidity high twist rotor, ata value of 1175.95 kW. The mid solidity mid twist rotor
shows and interesting behaviour. It requires the smallest peak power, but at cruise almost 550 kW are
requiredtodriveit. From Figure 5.22,itcan be concluded thatthe lowestweight ofthe power plantmass,
derived from low peak powers and mission energy, will be a combination of low to mid solidity, and low
tomid twist. Ifdifferent values of solidity and twist are tested, a more continuous link between the curves
in Figure 5.22 is found.

As will be explained later in chapter 6, the weight of the power plant system cannot be computed directly
based on the maximum power and energy required to fulfil the given mission. Rather, the lowest system
mass is found by means of a complex algorithm that considers battery and fuel cell integration, that
contemplates the different powers throughout the mission. This algorithm is explained in more detail in
chapter 6, but will be used now to determine the optimum blade choice. The mass of the power plant
can now be plotted against different blade designs, as shown in Figure 5.23. In this figure, multiple
rotor solidities and blade twists are compared. The different blade designs are grouped in the following
manner: the first blade (index 0) has a solidity of 0.01, and a twist of -5°. Every consecutive blade
increases the twist by a 6° difference between the tip and the root. Every five blades, a new solidity is
simulated, starting the value of twist at 6° again. This way, five consecutive blades in the graph belong
to a certain solidity, from 0.01 to 0.04. It can be noticed that almost all of these groups of blades have a
parabolic shape, where for a given solidity, the associated weight of the power plant mass is first high for
low twist, then goes down as twistincreases, butthen increases again afteraminimumisreached. Ona
similarmanner, the solidity shows asimilartrend. First, the power plantmassis highwithasolidity of0.01.
Then, it experiences a drop at a value of o equal to 0.02, to then increase the weight of the associated
power plant system again for higher values of solidity. The solidity value of 0.02 is then tested for further
optimisation of the twist, as can be seenin Figure 5.24. Amore fine search for the best performing blade
is performed for different root twists, keeping the tip at 0° twist, and having a linear twist distribution.
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Figure 5.23: Power plant weight for different blades. plant weight for different twist angles, with o= 0.02.

The minimum power plant mass is obtained at a rotor solidity of 0.02, and root twist of 18.3°, with a
value of 1132.4 kg. As mentioned before, this optimised blade allows for a minimum weight decrease of
100kg compared to other sub-optimal solidities, as shown in Figure 5.23.

Itis worth mentioning that this is a relatively low value of solidity compared to normal helicopters. How-
ever, this can be explained by the fact that higher rotor solidities allow for big stall margins at the blade,
something conventional helicopters mustaccountfor manoeuvrability. On aftilt rotor, onthe other hand,
during almost all the flight the propeller only experiences axial flow and flow parallel to the rotor does not
ocCcur.

Eventually the mass of the propeller hub and shaft are estimated using empirical relationship [47]. The
mass ofthe blades have been estimatedtobe 110.6 kg applyingamass reduction factor of 15% for use of
composites. The materials chosen forthe propeller, infact, have been selected using the CES Software
[9]. Epoxy glass fiber honey comb is going to be used for the core, while Polymide carbon fiber woven
prepreg has been selected for the blades cover. For what concerns the hub and shaft, their mass has
been estimated to be 205.9 kg applying a mass reduction factor of 15 % for the use of new technology
[47]. The materials chosen for these components, in fact, were chosen to be Titanium Ti-6Al-4V; this
material was chosen since itrepresents the new frontier in terms of material for what concerns propeller
hubs and shaft[9].'° Coatings applied to the above mentioned components should be applied in order
to take allow their use close to marine environments.

Conclusion

The approach behind the wing sizing was to first select the best airfoil for the mission (given some
fixed parameters) that is the NACA23018 and then, around it design the entire wing that has an
area of 21 m? (including high-lift devices). The same was done for the fuselage; in this case, the
airfoil selected was the NACA25121. The fuselage design and sizing, even if innovative, was
performed in function of the cabin’s requirements and comfort. The operational envelope of
Futura has a positive load factor of 3.8. The rotor design was optimised to achieve a power plant
system mass of 1132.4 kg. This value was obtained with a rotor solidity of 0.02, and a linear twist
with a twist 18.3° at the root, and 0° at the tip.

WURL https://patents.google.com/patent/US6139659 [cited 18 June 2019]
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o. Power Plant

The power plant goal is to deliver the necessary power and energy for the correct functioning of Futura.
The innovative hybrid nature implicates challenges that have been overcome by choosing readily avail-
able and reliable components. This chapter aims to analyse the structure of the power plant system,
highlight the technology used and perform a reliability test on both the component and system level.
To enhance the short term delivery of the product, the team focused on finding readily available compo-
nents to be implemented in the system. However, for some components, this was not possible due to
the particular nature and rating required. More precisely, components like the radiators, fuel tank and
battery pack have been designed or sized in-house to meet performance requirements.

6.1 System Overview

The system consists of three main components: fuel cell, battery and electric motors. The fuel cell
and the battery provide the necessary power for the system to work while the electric motors convert the
electricenergyinmechanical energy to spinthe rotors and allow the aircrafttofly. The energy consumed
by the fuel cell is stored under liquid hydrogen (LH, ) form while for the batteries it is stored internally
as chemical energy. To connect the power units to the electric motor, a power electronics system is
usedas seenin Figure 6.12. This subsystem is needed to match voltage levels of different components
as well as turn DC power to 3-phase AC power for the motors. The fuel cell also needs a compressor
that provides oxygen from the outside air for the chemical reaction with hydrogen to produce electrical
power. Finally, radiators are used to reject the waste heat produced by the system to the outside air. A
conceptual layout can be seenin Figure 6.1.

6.2 Radiators

One of the crucial aspects of the power plantis the need for cooling. On the contrary of traditional aero-
engines that can withstand the operating temperature of several hundred degrees, fuel cell electric
propulsion systems have operating temperatures around 90°C. This temperature is determined by the
operational limits of the polymer membrane in the fuel cell, of the electric motors and the batteries [50—
52]. Toremove the heatthatis produced by the operation of these components, a cooling fluid absorbs
the heat flowing through the component and then rejects it to the outside air flowing through radiators.
In the next sections, the sizing of the radiators needed to reject the heat produced by the systems will
be presented.

Air Intake D
Compressor
PEM
Fuel Cell Batt 1. |
------- Elec. —
--------- System | ... i}
Radiator . %= Motor
Exhaust (H20) E R Controller

Figure 6.1: Power plant layout.
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Figure 6.2: Radiator operation at take-off.

6.2.1 Design Parameters and Layout

As radiators need a high mass-flow of air to pass through them to absorb the heat from the coolant, it
was decided to place the radiators in the wing to make use of the energetic rotor wake flow. In hover, the
wing upper and lower skin within the central section opens up as shownin Figure 6.2. This allows for the
rotor wake to flow through the radiators which are placed horizontally in the wing. In cruise, a ram-air
inlet in the bottom of the wing allows for the rotor wake to be again redirected through the radiators to
cool the system.

The design boundaries of the radiator assembly can be summarised in the following:
» The radiator shall be thin enough to allow air flow between the radiator itself and the wing skin
» The aircraft shall operate at peak power without overheating

» The aircraft shall operate at the boundaries of the operational atmospheric temperature regime
without overheating nor freezing

From these requirements, it follows that the outside air temperature considered for the sizing is 50°C
while the operating temperature has to remain below 90°C even at peak power. Initially, ethylene glycol
was considered as a coolantin a 50/50 solution with water as itis a conventional coolantin industry and
remains liquid form up to -37°C which is right at the boundary of the operating atmospheric tempera-
ture. As ethylene glycol is toxic the team decided to use a propylene glycol 50/50 solution that has a
freezing point of -34°C but the same thermal properties of ethylene glycol 50/50 (specific heat = 3.559
kJkg=1°C~1).1:2 Finally, from BEMT, the wake calculated to be 15 ms™!.

6.2.2 Radiator Sizing Calculations

To size the radiator the overall heat transfer coefficient (HT C) needs to be found. This coefficient ex-
pressed in W°C~! represents how much heat can be rejected by a radiator given a certain temperature
difference betweenthe coolantandflow ofair. Itis dependent on flow speed of both the coolantas wellas
theair. Contactingthe company Nederlandse Radiateuren Fabriek (NRF)aradiatorthatfitted the needs
of Futurahasbeenselected. Theradiatorhasanoverall heattransfercoefficient, atanairflow of v,;,,.=15

TURL https://pubchem.ncbi.nlm.nih.gov/compound/l 2-Ethanediol#section=Reported-Fatal-Dos
e&fullscreen=true [cited 23 June 2019]
2URL https://www.engineeringtoolbox.com/propylene-glycol-d_363.html [cited 23 June 2019]
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ms~landacoolantflowof37.5Lmin~!,0f1875W°C~! (Antonvan Berkel, Application Engineer NRF, per-
sonal communication, June 17). The remaining specifications of the radiator can be found in Table 6.1.

Table 6.1: NRF radiator characteristics.

HTC l w t m Vair dotV,po1
1875W°C=! [ 1.45m | 0.375m | 0.112m | 26.15kg | 15ms~! | 37.5Lmin~!

Theheatload attake-offcanbe calculated with Equation6.1. Fromthe heatload, the numberofradiators
can be calculated using Equation 6.2 rounding up to the nearest integer.

1-7npc 1-ngm 1-np Q
+Pepe +Pg- 6.1 Nyga =

NFEc M NEMm B B ©1) rad HTC-(Teoor—Tair)
When cruise conditions are considered, one can calculate the required mass-flow through the radiators
interms of the ratio of heatloads, as shown in equation Equation 6.3. Finally, the required inletarea can
be derived from mass conservation (Equation 6.4) using the mass-flow found previously and the rotor
wake speed at a cruise from BEMT.

Q=Prc- (6.2)

Qo o
Mair = chulse *(VairArad*Pair) (6.3) Aintet = # (6.4)
hover Uwake ' Pair
6.2.3 Results

From the BEMT and the fuel cell-battery integration optimisation algorithm, the power values as seen
in Table 6.2 have been calculated with the resulting heat loads.

Table 6.2: Heat loads at different phases.

FC Battery | E. Motor | Total Peak | F.C. Battery | E. Motor | Total Cruise

P[kW] | 343 764.6 1107 2401 | 87.5 327.6

Q[kwW] | 371.58 | 31.85 46.13 449.56 260.11 | 3.65 13.65 277.32

This results in need of 6 radiators at hover (3 per half wing) with a total radiator weight of 156.9 kg. To
this value the amount of coolant has to be added that, given an internal volume of the radiator assembly
of 0.0438 m? and a coolant density of 1000 kgm~3, was calculated to be 43.8 kg.? Finally, a pump is
needed to provide a total volumetric flow of 225 Lmin~!. The Miksan Motors EP 250 Pump has been
selected weighing 15 kg [53]. The final radiator assembly weight is thus 215.7 kg.

In cruise condition, the heatload reaches 277.32 kW which means thata mass-flow of 6.16 kgs~* (Equa-
tion 6.3) is required to cool the system. From mass conservation (Equation 6.4) the inlet area needed
can be calculated and was found to be 0.073 m? for cruise conditions (v,,qxe=100 ms~, p=0.85 kg at
2000 m and 37°C).

6.3 Fuel Tank Sizing

The fueltankis a significant component of the aircraft as it should contain the fuel for the mission, deliver
it to the power plant and allow for easy refuelling. Itis also a critical component as it uses liquid hydro-
gen, entailing cryogenic working temperatures and high flammability hazards. These negative aspects
come with a higher volumetric specific energy than gaseous hydrogen, which would take up too much
space in the fuselage.

SURL https://www.engineeringtoolbox.com/propylene-glycol-d 363.html [cited 23 June 2019]
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6.3.1 Design Parameters and Layout
Operational Constraints

To allow for a short range round-trip from an operational base running on the same fuel tank, the max-
imum time without refuelling is set as the time of two short flights (2 - 30min) plus the turn-around time
(60min), giving Tmax =120min.

From the operations of the aircraft, the working conditions can be determined. Negative temperatures,
most likely encountered at cruise, are beneficial for thermal control of the tank. Allthe same, the highest
operational temperature is used as critical case, being T,,,,, =50°C.

Thetank operational lifetime is setequal tothat of the aircraft, i.e., 30 years with up to 11 flights perday or
1.2-10° cycles. This is because the replacement of the tank throughout the operations of Futurawould
require the removal of structural members, a process deemed unsatisfactory for easy maintenance.

Properties of LH2

To minimise volume, saturated liquid hydrogen (LH,) is used. Due to heat input from the environment,
evaporation will occur, and the pressure will rise. To avoid overpressurisation for structural reasons,
gaseous hydrogen (GH,) will be vented. That being said, some GH, should always remain in the tank
to allow for instantaneous pressure relief. GH, will also be supplied to the fuel cell. However, the strict
requirement on time without refuelling does not allow for enough heat flux input to create the required
GH, flow rate. LH, will thus be heated up by the fuel cell coolant through a liquid-two phase heat ex-
changer to be the primary fuel source for the fuel cell. This component will be sized at a later stage of
the design, as regarded as not critical for the initial conceptual design.

Arecommended liquid/gas fraction from literature is 97% /3% atmaximum pressure [54]. The operating
maximum pressure should be the pressure above which gas is vented, p,¢,,+» and remain as low as pos-
sible to decrease the structural mass and tank volume [54]. Itis set just above the fuel cell’s maximum
fuel pressure (pgc = 2.3bar) at p,.n: = 2.5bar to ensure that there is a flow between the two. The lowest
pressure in the tank, on the one hand, should correspond to the filling pressure p;;; therefore allowing
for a pressure rise (1o p,e:) due to an external heat input [55]. On the other hand, it should be higher
than the ambient pressure at sea level (ps. = 1.0bar) to prevent air from getting in the tank and avoid
creating an explosive mixture, therefore setat ps;; = 1.2bar.

Allowances

Some allowances should be added both to the fuel weight and tank volume. According to Dr. B. Atli-
Veltin, experton cryogenicstorage systems from TNO, the tankfilling should remain between fi, = 15%
and frax = 85% to prevent air from entering the tank and avoid overpressurisation (personal communi-
cation, May 29, 2019). On top of this, c¢; = 5% of the fuel mass is allowed to be vented. A compromise
for this value was found between a lower insulation mass (high venting ratio) and a higher tank volume
and higher operational costs (low venting ratio). With this value, the refuelling costs remained lower
than that of a kerosene aircraft (section 4.3). Additional allowances are taken into account, namely
¢, =0.9% and c; = 0.6% of the volume to account for tank contraction due to cooling and space needed
for equipmentinside the tank, respectively [55].

Shape and Location

For safety concerns developed below, the tank is placed at the very back of the fuselage. Because of
the airfoil shape of the fuselage, the height at the back was too low for a spherical tank. To minimise
structuralweight, the shape was chosento be as close to a sphericaltank as possible with hemispherical
ends, yielding a shape factor of 1= 0.6, defined as the cylinder length to hemisphere radius.
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Layout and Materials

Forcryogenichydrogen storage in warm environments, the most weight-efficientlayoutwas found to be
adouble tank between which near-vacuum environment is created [56, 57]. Because of the near-zero
pressure in between, the inner shell bears the internal pressure of the hydrogen while the outer one
only resists the external atmospheric pressure. The near-vacuum space is occupied by a Multi-Layer
Insulation that ensures low radiation and conduction heat transfers. A different layout with only one
inner shell and spray-on foam was found with preliminary calculations to provide a lighter design but
could not bear the high heat flux exposure (50°C environment for 120min).

Common materials usedin such pressure vessels are metalsincluding stainless steeland aluminium. It
was found in the design process that the higher density of steel outweighs its advantages in terms of fa-
tigue, thusyieldingalowerstructuralweightwhenusingaluminium. Thiswasalso confirmedinliterature,
which proposestouse aluminium 2024 in particularforits low density and cost (compared tootheralloys)
[58]. Using a worse-case scenario, the fatigue limit with a stress ratio of —1 at 1.2 - 10° cycles is found
to be g,0024 = 176MPa [9]. Other properties include a Young’s Modulus of E; 0904 = 72.0GPa, a Poisson
ratio of pg0024 = 0.337, a density of pyo024 = 2855kgm™3 [9]. While some of these properties improve
whenexposedto cryogenictemperatures, aworse-case scenariowithroomtemperature was used [59].
Innovative materials such as epoxy-based Carbon-Fibre-Reinforced-Polymer CFRP have shown po-
tential weight savings, despite a more difficult End-of-Life (EOL) process. Due to the uniform load
distribution, a quasi-isotropic lay-up is preferred. With a fatigue performance in the aforementioned
conditions 72% higher (o¢crrp = 478MPa under compression-compression cycles [60]) and a density
46% lower than Al-2024 (pcrrp = 1540kgm™3), it performs extremely well in tensile conditions (i.e. for
the inner shell). On the other hand, its Young Modulus is 39% lower than Al-2024 (Ecprp = 44.2GPa)
and its Poisson ratio of ucgrp = 0.27 make it worse-performing under compression (i.e. for the outer
shell) [9]. Due to the high permeability of CFRP, an aluminium liner is applied in contact with LH,, with
atypical thickness being tjjper =0.635mm [61, 62].

A comparison between three designs is carried out to investigate whether the weight savings are con-
siderable enough to favour a material with a less sustainable EOL solution. Design 1 has both shells
made of CFRP, Design 2’s inner shell is made of CFRP while the outer one is made of Al-2024, and
Design 3's two shells are made of Al-2024. A conservative safety factor of SF =2, according to a NASA
reporton cryogenichydrogen storage, is used [63]. Because the fatigue behaviour of compositesisless
well-known, the safety factor for CFRP is increased to SF = 3 based on experience from a composite
material expert (Dr. C. Rans, personal communication, June 12,2019).

Compartment

LH, molecules are tiny, and there exists a risk that they pass through tiny cracks of the material (per-
meability) or leaks at connections [64]. While this fluid quantity is expected to be extremely low, a
mitigation measure is found by isolating the tank. It is located in an air-tight compartment at the back
of the fuselage. This ensures that if hydrogen is released outside the tank, it does not reach the
cabin.

If the hydrogen volume content exceeds vy, 1, = 4%, combustion with air can occur with an extremely
smallinputenergy [65]. Toavoid this, the hydrogen volume contentis monitored atall times by an optical
fibre sensor that can detect concentration levels below the lower flammability limit [66]. Because of the
absence of electricity in the sensor, sparks risks are eliminated. When a critical level is reached, set
at vy, 4, = 1%, air in the compartment is evacuated and renewed by way of two electrically-powered
openings placed at the top and bottom of the compartment. From the lifting body fuselage shape, air
at the bottom naturally flows through the compartment and reduce vy, 4, to exit at the top due to the
pressure difference. The small actuators are located in insulated boxes to reduce spark risks. When
operating the aircraft without airspeed (i.e. take-off, landing, ground operations), the margin in the crit-
ical hydrogen volume content provides enough time for an emergency landing and evacuation of the
aircraft. Thisis because this type of hydrogen release is a prolonged process. Anrepresentation of this
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system is shown in Figure 6.5.

Due to the tank proximity to the warm-body of the fuel cell, heat transfer warming up the tank and evap-
orating hydrogen may occur. To reduce this, a Multi-Layer Insulation panel between the two compart-
ments is placed. Because an ambient temperature of T,,,,;, = 50°C is used for the tank thermal design,
the heat transfer from the fuel cell can be neglected.

Verification

Hand calculations checked the algorithm for tank design for single input values of mission fuel. Stability
was tested by changing slightly the input value. When the mission fuel was increased 5%, the structural
mass of the tank increased only by 3.6%.

6.3.2 Inner Shell Structure

For the inner shell, the fuel volume is determined by applying the allowances on top of the required
mission fuel volume (mg, = 13.59kg, as determined in the next section). The lowest density is encoun-
tered atthe maximum pressure p,.,,+ and found from interpolation with for the corresponding liquid-gas
mixture at p| y, min = 46.35kgm~3. This gives a required tank volume Viqas seenin Equation 6.5.

_ Miyel
PLH,,min (1—=cy)(1—cz—c3)(fmax— fmin)

Fromthis volume and the shapefactor, the tank’s radius 1;,, is easily found. Therequired innershell thick-
ness can be determined both the the cylinder (t.) and the hemispherical ends (tpem) in Equation 6.6
and Equation 6.7 respectively, according to the American Society of Mechanical Engineers (ASME)
Boiler & Pressure Vessel Code Section 8, Division 1 [15]. Itis an internationally-recognised industry
standard on pressure vessel structural design.

a (6.5)

pvent'SF'rin pvent'SF'rin

Loy = 6.6 them =
N W6 —0.6-Pyens-SF (6.6) hem = - w-6—0.2pyens-SF

(6.7)

The welding efficiency for Al-2024 w is conservatively assumed to be 0.8 according to the ASME code,
while for CFRP wis equalto one due to the absence ofjoints (filamentwindingis used)[15]. No corrosion
allowance has been added as the tank is located in an isolated compartment, thus not in direct contact
with a marine environment. For both materials, the corresponding fatigue limit o is used, and for CFRP,
anon-structural Al-2024 liner is added before the inner shell.

6.3.3 Sub-Components

Before the thermal design is performed, the sub-components that will create heat conduction from the
innershelltothe outershellhave tobe sized. Thisincludes pipesto transferfuel and supports to transfer
the inner shell weight to the outer shell.

Piping should allow for venting, tank refuelling and fuel delivery. As venting and fuel delivery are done
with the gaseous and the liquid part respectively, two pipes are required at least. For the absence of
moving parts and the structural reinforcement around them, the pipes are not expected to fail, therefore
allowing for a non-redundant design. To minimise the high heat transfer by conduction of the metal
pipes and the weight of the insulation, only two pipes are used. Their inner diameter is dependent on
the equipment they are connected to, discussed below.

Venting

Venting, required to avoid overpressurisation, is performed by a safety valve located at the top of the
tankthatis self-activatedwhenp,,.,.; isreached. Becauseitis acritical safety mechanismandit contains
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moving part (a spring), a redundant safety valve is added on a Y-shaped junction. Herose’s type 06001
safety valve suitable for cryogenic applications is selected, with orifice size d, ¢t = 10mm and discharge
coefficient c; = 0.5 [67]. The inner diameter of the pipe corresponds to the orifice size to maximise the
exit mass flow rate, calculated in Equation 6.8. The required power to evaporate liquid hydrogen and
match this flow rate is calculated in Equation 6.9 with h¢y being the hydrogen latent heat of vaporisation.*

Qvent,max = mvent'hfg =26.6kW (6.9)

[68]

. _ d\%ent 2(Pvent —Pamb)
Myent=Cd"PGH, " T" 4 Pon,

(6.8)

This means the valve cannot cope with heat flux inputs higher than 26.6kW, corresponding to the power
ofalarge electrical heater.® As the tank will be placed in an insulated compartment, such high heat flux
inputs are not expected to occur within the operations of Futura.

Refuelling and Fuel Delivery

Forrefuelling and fuel delivery, a 2-way normally-closed solenoid valve is fitted at the bottom of the tank
tocarry LH,. Asitcontains electrical components, itis placed in a containment box to reduce the risk of
sparks. The selected valve is Valcor’s all-welded high-reliability cryogenic V44700 valve [69]. Aredun-
dantvalve is placed in parallel in case one fails to open, for the aforementioned safety reasons. Down-
streamofthesetwovalves, two otheridentical valves are placed atthe refuelling portand the connection
with the fuel cell, respectively. This creates more redundancy, this case if one valve fails to close. This
valve type has a large orifice of ds,¢; = 10mm which allows for the refuelling and delivery flow rate shown
in Equation6.10and Equation 6.11, assuming a discharge coefficientidentical tothat of the safety valve.

Mrefuel (PstaPvent) = 1.04- 10_1kg5_1 (6.10) mMrc = (Pyent:Prc) =8.05- 1072 kgs_l (6.11)

Where the flow rates are calculated according to Equation 6.8, using the mentioned variables in their
order of appearance in the formula. The refuelling station storage pressure and the fuel cell maxi-
mum fuel pressure are equal to ps;, = 3bar and prc = 2.2bar respectively [70, 71]. This satisfies the
maximum station delivery of 2.78 - 10~2kgs~! and the required maximum fuel cell fuel consumption of
%;;C =5.40-10"3kgs™! [70].

The refuelling port is designed to be compatible with the recharging station of Futura manufactured by
Linde [70]. A quick air-tight coupling system produced by Walther Praezision in cooperation with Linde
exists for GH, [72]. For safety purposes, an inline safety break-away from Staubli is added to the refu-
elling connection, in case the refuelling nozzle is accidentally disconnected, and the port does not close
automatically [73]. These parts will be modified in cooperation with the producer to work with LH, and
cryogenic temperatures in particular. It will comply with the international standard ISO 13984 :1999 on
liquid hydrogen refuelling, to ensure compatibility with different stations [74].

Pipe Structure and Reinforcement

The inner diameter of both pipes, identical, has been determined from the venting and the fuel flow re-
quirements. Their material is chosen to be austenitic stainless steel 304, commonly used for cryogenic
piping applications due to its thermal conductivity being lower than aluminium (Agee) = 8.43Wm™1K™1)
[57, 75]. The thickness calculated according to Equation 6.6 yields an un-manufacturable pipe (tyipe =
1.36 - 107?2mm), therefore a more conservative thickness of tpipe = 1mm is used. To minimise heat

*URL /www.engineeringtoolbox.com/fluids-evaporation-latent-heat-d_147.html [cited 15 June 2019]
SURLmasterwatt.nl/product/calida-high-power-30-kw [cited 15 June 2019]
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conduction, the pipes are extended by a quarter of the tank circumference so that they exit at the half
height of the tank. The added material will be located within the insulation material of the tank, between
the inner and outer shells. Due to their small size, the compression effect on the insulation material is
neglected.

The pipe’s holes create stress concentration both in the inner and outer shells. To compensate this, the
removed material is relocated within an effective boundary of the hole, as prescribed in the ASME Code
[15]. A schematic representation is shown in Figure 6.3.
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Figure 6.3: Structural reinforcement around hole in pressure vessel [76].

The shell reinforcement thickness Ty is constrained to T = t; + 2mm with t being the original shell thick-
ness. Thisistolimitthe compression of the insulation material, which becomes ineffective when heavily
compressed. The nozzle reinforcement thickness T, is found by solving Equation 6.12, Equation 6.13
and Equation 6.14, with variables are defined in Figure 6.3. This is done both for the inner and outer
shells, of which the latter’s design is explained further below.

As=max{ d(Ts—t5)—2-Ty(Ts—t5), 2(Ts+ty)—2-t,(Ts—t5) }[15] (6.12)
An=min{ 22 T(Ta—tn), 22 Ty(Ta—tn) }[15] (6.13)
Ag+A, >t5-d[15] (6.14)

The nozzle reinforcementthicknesses T, is found to range between 1.20mm and 1.65mm fordepending
on the inner shell material. The effective reinforcement boundaries x and y as defined in the ASME
code are found to range from 1.00mm to 4.13mm. Forthe outer shell, the reinforcements are located on
the inside to ensure a smooth external surface, while reinforcements of the inner shell are located onits
outside. Itischeckedthatthe nozzle reinforcementboundaries fitwithin the insulation space, described
further below.

Despite the reinforcement, the piping connectionis foreseen to be the tank’s structural weakest partdue
tothe shape irregularity. Since the outlets are located at the back of the tank (as seen from the nose), a
catastrophic tank failure would lead to a hydrogen release directed to the back. This ensures a higher
level of safety, as it would not be directed towards the cabin.

Supports

The weight of the inner shell and the fuel cannot be supported by the insulation material to avoid re-
ducing its insulation properties. Therefore, lightweight G-10 (fiberglass epoxy laminate) supports are
used as suggested in literature [77]. This material is chosen for its low thermal conductivity (Ag1g =



6.3. Fuel Tank Sizing 53

0.288Wm~1K~1)and low density (pg10 = 1800kgm—3)[78]. To constrain the motion of the shells relative
to each other in all directions, 8 flat cylindrical supports are added, with diameter dg49 = 40mm and
thickness tg1g = 15mm taken from a similar cryogenic tank design [79]. Despite the different weights,
due to the high number of supports this structural member is deemed overdesigned. At a later stage of
the design, their dimensions would be further refined.

6.3.4 Thermal Design

The thermal design drives the general design of the tank due to the cryogenic working temperature.
As suggested in literature, an evacuated Multi-Layer Insulation (MLI) is used to minimise weight and
space, against having vacuum alone or foam. This is also the most sustainable option, as the layer
can be separated and its metal recycled, while foams are hardly recyclable. One MLI layer is com-
posed of a fibreglass paper to reduce heat transfer through conduction and an aluminized mylar poly-
mer film which diminishes radiation heat transfer. Because it is evacuated, a near-vacuum environ-
ment at p;,s = 1.33 - 10~1°MPa is reached which brings convection heat transfers to a negligible level
[57]. An uncompressed layer density of N = 20 layer cm™! (i.e. tiayer = 5.00 - 107%cm) for weight
efficient a MLI with average density py; = 140kgm 3 is used [57]. The emissivity of the aluminised
mylar polymer film at the critical temperature is estimated to be ey, (Tamp) = 3.10 - 1072 [80]. The
solid conductance of the fibreglass paper is hy = 8.511072Wm~2K~! [57]. The compression effects
from small difference in thickness between the hemispherical ends and the cylindrical section are ne-
glected. Thisisbecausethethermalproperties of MLIremainlargely unaffected by such smallvariations
[57].

The allowed incoming heat transfer rate Q. to the tank can be found from operational constraints as
shownin Equation6.15. Unlike Qvent‘max, Qaiow is the heat flow allowed for normal operations which only
leads to the evaporation and the waste of c; = 5% of the fuel. Temperature boundaries are setas worse-
case scenario, namely T, = 50.0°C and Ty, = —250°C. Q0w Should equal the heat flow transferred
through conduction and radiation are in function of the number of layers n, which is solved iteratively.

. . . Mtyel 'hfg
Qalow = Qcond (M) + Qrag(n) =¢; - ——W (6.15)

max

Conduction Heat Transfer

Conduction through the MLl is calculated in Equation 6.16.

3
m,sphe T Amcyl 1 0sB emyt Tamb” , TLH2 Tiho

. A
Qmui.cond = (Tamb —TLH2) —(hs+ (

2+
N-Yayer N 2—emy1 Tamb

T )) [81] (6.16)

Am sphe @nd A ¢ are the conduction shape factors of the respective parts calculated according to Bar-
ron and Nellis [81]. The conduction through sub-components, pipes and supports, is shown in Equa-
tion6.17.

. A, A rt
qub-c.,cond = (Tamp —TrH2) (Asteel T[plpe +1c10 ?L;ppo ) [56] (6.17)
;T‘Cy| n layer

A and A represent the cross-sectional area and the thermal conductivity of both components, respec-
tively.

Radiation Heat Transfer

The radiation heat transfer through the MLI is calculated according to Equation 6.18.
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. 1
QMLI,rad=(Tamb4_TLH24)'USB'Sin'F' 21 1 1 [81] (618)
-n—1+—+—

emyl €in  €out

e, and ey, are the emissivities of the inner and outer shell material respectively (eg0024 = 0.70 if unpol-
ished and ecgrp = 0.88) [82, 83]. Sj, is the inner shell surface area and F the view factor, equal to 1 as
the layers are approximately constantin size.®

The number of layers n is found iteratively by solving Equation 6.15, Equation 6.16, Equation 6.17 and
Equation 6.18 simultaneously. The thickness of the insulation is defined as ti,s =n-tiayer-

6.3.5 Outer Shell Structure

Theoutershellbears atmospheric pressure fromthe outside while theinnervacuumexerts noforceonit.
The highest atmospheric pressure occurs on the ground, conservatively assuming pg.mp = 1.2bar. Note
that this pressure coincidentally equal p¢;;;, while this will never be the case in real life given that pg| =
1.0bar. Therequired shellthickness can be found fromthe critical buckling pressure p,.,,p iteratively with
the Windenburg and Trilling Equation in Equation 6.19, and from Timosenko and Gere in Equation 6.20.

SF 2ECEY [85] (6.20)
Paompor'=—"" 1 .
[84] T Ba-w):

5
2

2.42-E(-L)

3 Lcyl tcyl
(1—;12)4(7—0.45(7)

Pamp SF =

(6.19)

In the equation, d is the outside diameter and L, the cylinder length. Itis assumed that the cylinder is
simply supported at both ends by the G-10 supports.

6.3.6 Configuration Choice

A weight comparison between the three designs configurations is shown in Table 6.3. A useful mission
fuel of 13.6kg is used (14.3kg when adding vented fuel, and 18.7kg when counting for the unused fuel
fmin), from the value shown in the next section.

Table 6.3: Weight Table 6.4:
comparison of three tank designs. The green column is the selected design. ~ Weight breakdown for the selected design.
Component Design 1 Design2 | Design3 | | Component Mass [kg]
Inner shell CFRP +Al-2024 liner | CFRP +Al-2024 liner | Al-2024 Inner shell 7.54
Insulation MLI MLI MLI Insulation 4.33
Outer shell CFRP Al-2024 | Al-2024 | | Outershell 13.8
Total Structural Mass [kg] 234 194 25.8 | | Supports, internal pipes 0.11

Although the lightest design corresponds to the hybrid CFRP-AI-2024 Design 2, the 25% weight saving
compared to Design 3 is not deemed sufficient against its disadvantage regarding its less sustainable
EOL solution. Asitwillbe seenin chapter9, the MTOW allows for this small weightincrease. The weight
break down for the selected design is shown in Table 6.4. With the conceptual design, the thermal ex-
pansion/contraction was calculated to be less than 10~*m.

SURL https://www.dspe.nl/knowledge-base/thermomechanics/chapter-1---basics/1-2-heat-tra
nsfer/radiation/ [cited 21 June 2019]
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Layout

Thedifferentshellthicknessesare shownin Figure 6.4 andthelayoutwith sub-componentsin Figure 6.5.
The outer diameter of the tank is equal to d =867mm and its total length is L=1.12m.

% Pressure relief valve
DY Safety valve
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=2.23 mm
Outer shell (A-2024) n t:i'm =142 mm (k) Hydrogen sensor
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Figure 6.4: Tank structure. Opening (emergency) /
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A

Figure 6.5: Tank sub-components layout.

6.3.7 Validation

Firstly, validation of the design was performed by comparing the tank structural mass to fuel mass ratio

of another liquid hydrogen tank for aircraft applications, where a ratio % = 1.56 was found by Ball

= 1.92, is 23% higher most likely due to the non-

Aerospace [86]. Futura’s ratio, equal to —Mank

fuel,mission

spherical shape and the more constraining thermal requirements. The thickness of the walls, ranging
from 0.724mm to 2.16mm, are found to be similar to other cryogenic tank designs found in literature
and are all manufacturable [57, 58, 87]. These comparisons validate that this tank structural design
corresponds to industry standards.

6.4 Components Choice

Given the design of the radiators and fuel tank, it is possible to construct the rest of the power plant
system. In this section, which components and how they have been chosen is explained. This is the
outcome of a double optimisation process on component choice and its integration with batteries.

6.4.1 Optimisation Goals

One of the main challenges of equipping Futura with hydrogen fuel cells was to meet the peak power
demand. Fuel cell systems that run on hydrogen have the great advantage to be energy dense. This
occurs because hydrogen stores about 142 MJkg™!, more than 3 times as much as jet fuel.” On the
other hand, for the same power requirement, a fuel cell system weights more than more conventional
counterparts as jet engines. This occurs due to the relatively slow rates of reduction and oxidation that
can be achieved when compared to more conventional energy conversion methods based onignition or
explosion. Table 6.5 shows a comparison of the average specific energy and power of fuel cell systems,
and LiFePO, batteries [52, 71, 88] and highlights how fuel cells systems having a relatively low specific
power compared to batteries buta much higher specific energy.

"TURL https://www.engineeringtoolbox.com/fossil-fuels-energy-content-d 1298.html [cited 23
June 2019]
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Table 6.5: Comparison between fuel cell system and battery in specific energy and specific power.

System Specific Energy [kWhkg~'] | Specific Power [kWkg™']
Fuel Cell System - H, Fuel + Tank 10.270 1.79
Battery 0.448 4.48

The opportunity of improving the power plant weight through the implementation of batteries gener-
ates the need for a trade-off between the optimal battery pack and fuel cell stack size to be imple-
mented.

Another problem that arises in the determination of the power plant mass is that the available compo-
nents on the market might not fit perfectly the specified requirements. Often this leads to components
stacks that even if were picked for a specific requirement are over-designed for it and are carrying extra
mass not utilised. Through an optimisation process, itis possible to minimise the degree of over-design
by choosing the most suitable components for the given requirements.

Finally, reliability shall be addressed in the design and redundancy measures shall be implemented
where needed, as explained in section 6.5. The choice of components is strictly related to the redun-
dancymeasurestobe undertaken. Itisindeedtrue thatforthe samefailure rate the numberofredundant
elements needed is the same and smaller components will add less weight compared to larger coun-
terparts.

Inanutshell, an optimisationalgorithmhastobe developedto address weight minimisationin4 aspects:
* Fuel cell rating and battery pack size
» Power and Energy sizing for batteries
« Component stack over-design
* Redundancy measures

The algorithm used and its main functions are explained in subsection 6.4.2.

6.4.2 Optimisation Algorithm

\nout Mission Combinations of » Size tank >
P Max Fuel Cell
Power and Batteries — Determine Apply Output lowest
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Figure 6.6: Battery integration algorithm.

Figure 6.6 shows the flow of operations from input mission profile to the output of the minimum power
plant mass and its architecture.
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Fuel Cell Rating and Battery Pack Size

Figure 6.6 showsthatfromthe mission profile it possible to create a setof complementary fuel cellratings
and battery packs sizes to be further analysed. This setencompasses all the possible combinations of
the two energy source solutions that span from the maximum power being metthrough only a fuel cell to
only through batteries. The algorithm proceeds to analyse singularly each of these combinations to find
whichinthe end will deliver the lowest weight. This part of the program addresses the first minimisation
goal of the trade-off between fuel cell rating and battery pack size.

Power and Energy Sizing for Batteries

The algorithm then proceeds to size the battery pack according to the most restricting requirement be-
tween power and energy. Itis indeed possible, given power and energy required from a battery pack
to estimate the mass through both specific power and specific energy. It is found that when the bat-
teries are used in power intensive phases, the power requirement is more restricting. On the other
hand, as soon as the batteries are also implemented in cruise phases, the energy sizing becomes
more demanding. This occurs because cruise lasts for several minutes, and to deliver a constant
power, a big amount of energy has to be supplied. This part of the code addresses the second opti-
misation goal and evaluates whether the power or energy requirement is more restricting for batter-
ies.

Component Stack Over-Design and Redundancy Measures

The nextprocessinthe algorithmis the sizing of the components stacks of the power plantand s carried
through every combination of fuel cell power and battery pack size previously analysed. A library of
components was developed from a thorough market search. This contains plenty of examples of fuel
cells, electric motors, motor controllers, converters and compressors. The algorithm determines for
each system how many of the components stored in the library are needed to be implemented in the
corresponding stack. Subsequently, itimplements the reliability model and adds any redundant com-
ponents needed. This allows determining which kind of component stack delivers the best weight for
every considered power combination.

Algorithm end and Output

Oncethe electric motors, fuel cells and batteries have been sized, itis possible to apply the methods de-
scribed in section 6.2 and section 6.3 to estimate the radiator and tank masses for every combination of
power source considered. Finally, all the masses are summed so to find the overall power plant weight.
Each combination of the battery pack and fuel cell stack is then checked across both energy and power
requirements from the mission profile, and if a combination does not meet these, it is discarded. The
final function performed by the program is to evaluate between the combinations that satisfied the re-
quirements which one delivers the lowest mass. The output of the algorithm is then the optimum power
plant mass, and the architecture of the components stack with a focus on the name, mass and rating of
each of these.

6.4.3 Algorithm Results

In this subsection, the results of the optimisation algorithm are summarised, and the chosen compo-
nents are described. A particular focus of this section is put on the mass and power output of the
components. The disposition and the stack architecture of these are better treated in section 6.6. The
algorithm evaluates that the minimum power plant mass of
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Figure 6.7: Comparison of energy shares throughout the mission profile.

Figure 6.7 shows the activity of the fuel cell throughout the mission and how much energy is delivered
by the batteries and how much by the hydrogen. The optimisation algorithm finds that the minimum
power plant weight of 1132.4 kg is achieved when the fuel cell stack delivers 343 kW. The rest of the
peak power demand is met through the battery pack that has a capacity of 103 kWh. The fuel cell stack
runs at maximum power output in take-off and landing but during cruise steps down at 70% of P, 4 to
increase lifetime and decrease wear.

As expected, the optimum mass is achieved when batteries are used to meet the peak power in take-off
and landing while in cruise, most of the energy is delivered by the fuel cell system. In Figure 6.7 the
shaded areas correspond to the integral of power over time that equals energy. Itis noticeable how the
orange area, the energy delivered by the hydrogen is more dominant than the blue area, the energy
provided by the battery pack.
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Figure 6.8: Battery Figure 6.9: Power plant mass for the different combina-
mass sizing from energy and power requirement. tions of fuel cell stack and battery pack sizes analysed.

Figure 6.8 presents the trade-off between energy and power sizing of the batteries for the different
combinations analysed by the algorithm. Going from right to left the fuel cell stack is downsized, and
more and more poweris metthroughbatteries. The massderived fromthe powerrequirementincreases
linearly with the battery power output. Onthe other hand, the mass derived from the specific energy first
is flatand then spikes up to around the combination with afuel cell of 470 kW. This occurs because when
the batteries supply only a small percentage of the peak power, the area under the narrow peaks of the
mission profile is small leading to alow amount of energy to be stored into the batteries. However, when
fuel cell stacks delivering less than 470 kW are considered, batteries will also have to be implemented
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in cruise. This happens because the fuel cells running at 70% of their max power cannot meet the cruise
power of 327.6 kW anymore. It follows that the energy to be stored in the batteries increases rapidly,
and so does the weight.

Figure 6.9 plots the power plant mass of the combinations that satisfied the power and energy require-
ment. The minimumweightis achieved forafuel cell stack outputting 343 kW. By considering Figure 6.8
again, it can be concluded at this fuel cell stack rating the energy sizing for batteries is more requiring.
This also means that for the considered mass, the battery pack can deliver more power than required.
The battery packisindeed able to delivera maximumreliable power of 1051 kW. Itfollows that, together
with the fuel cell stack, the total reliable power outputis 1394 kW.

Table 6.6: Algorithm components output.

Components Number Rating Mass [kg]
Fuel Cell 8 343 kW 168
Battery Pack 1 103 kWh 228
DCDC ormal 3 600 kW 9.6
DCDCBus 2 40 kW 32
Compressors 8 0.33g/s 6.3
Radiators 6 na 201
Motor Contr. 14 1200 kW 49
Electric Motors 8 1200 kW 128
Gear Box 2 9600 Nm 266
Tank 1 na 25.8
Hydrogen na na 18.7
Total na 1132.4

Table 6.6 summarises the specification of the the optimal power plant evaluated by the algorithm.

Fuel Cell

The fuel cell stack counts 8 Power Cell S3 167 fuel cells . The fuel cell uses PEM (polymer electrolyte
membrane) technology so to be reliable and dynamic, able to deliver max power within seconds [89].
Furthermore, this family of fuel cells have been designed to be used in mobile applications and are able
to start and shut multiple times during their lifetime.

Battery Pack

The battery uses LiFePO, cells that have the advantage to high capacity, high safety, intrinsic stability,
acceptable operating voltage (3.4 V vs. Li+/Li), environmental compatibility and low cost[52]. The spe-
cificenergy and specificpoweramountsto0.448 kWhkg ! and4.48 kWkg ! atthe dischargerateof 10C.

DC/DC Converter

Three Fraunhofer [ISB DC/DC converters are used to step down the voltage for the correct operation
of compressors and radiators (one is used in the combiner box later explained). These converters are
bidirectional and designed to decrease weight by using SiC-Mosfets, ceramic capacitors and custom
made low-weight ferrite inductors [90].
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DC/DC converter master bus

The electric system of a standard aircraft runs on 28 V lines. Such low voltage step down cannot be
achieved by the Fraunhofer IISB DC/DC converter and so the GE aviation 20kw is implemented [91].
This component uses as well SiC MOSFETs and is specifically designed to be plugged in the electrical
system of an aircraft and deliver reliable performances.

Compressor

The compressors chosen to feed the fuel cell stack are the Celereton-14-1000 [88]. These are electri-
cally driven diagonal turbo compressors and 8 of them are needed to operate the fuel cell stack.

Motor Controllers

The motor controllers are used to convert DC inputinto a 3 phase current thatis used to tune the electric
motors power output. The motor controllers used are the 100 kW SiC-Inverter from Fraunhofer. These
motors controllers are again designed to be lightweight so to be used in mobility applications [92]. Each
nacelle contains 7 motor controllers

Electric Motor

The electric motor used are the Magnax AXF225 [93]. These motors have a very high specific power of
12.5 kWkg~1. These are axial flux motors and result to be more compact and so lighter than traditional
radial flux counter parts. Furthermore, the Magnax AXF225 differently from other permanent magnet
motors have a yokeless stator, forthe shortest possible flux paths and lowiron losses. Inorderto deliver
the maximum mission power and meet reliability constraints, 8 motors are equally spread in the two
nacelles are used.

Gearbox

The gearbox is used in order to match the motor shaft rpm to the rotor rpom. From the mission and rotor
characteristics it is possible to determine the torque to be delivered by the gearbox.

r=_L60 6.21
Crpm-2-m (6.21)

where:

P =Power delivered by the propeller
rpm = Rotation per minute at the rotor

The highest torque required from the gear box is achieved at take-off when each rotor delivers about
548 kW at an rpm of 552 [93]. Following Equation 6.21 the required output torque is then 9480 Nm. On
the motor side of the gearbox, the input torque is 840 Nm and, assuming an average efficiency of 95%,
the required power is 577 kW [93, 94]. Following the same logic as in Equation 6.21 but reversing the
operation, the input shaft rotational speed is 6912 rpm. It follows that the required gearbox must have
a max output torque of 9533 Nm, the maximum input speed of 6230 rpm and the gear ratio of 12. Due
to the demanding specifications, it was not possible to find on the market open to the public a gearbox
satisfying all the requirements at once. On the other hand, it was possible to create a set of gearboxes
that could meet either the torque or the input speed requirement[94, 95].8 Through interpolation, itwas
possible to estimate that a gearbox tailored on Futura will weigh around 133 kg.

8URL:https://www.liebherr.com/en/sgp/products/components/gearboxes-rope-winches/planeta
ry-plug-in-gearbox/details/peg300.html[Accessed 22/06/19]


https://www.liebherr.com/en/sgp/products/components/gearboxes-rope-winches/planetary-plug-in-gearbox/details/peg300.html
https://www.liebherr.com/en/sgp/products/components/gearboxes-rope-winches/planetary-plug-in-gearbox/details/peg300.html
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6.5 Power Reliability

This section is set to present how the failure rate of components is modelled and how the power plant
system was modified to meet regulations. Such a failure rate model does not only apply to the power
plant system but can also model any high-level system divided into sub-components as an aircraft and
its subsystems.

Inthe aerospace sector, due to the catastrophic consequences of failures and the complicated mainte-
nance procedures, reliability is crucial, and a commonly accepted failure rate for components amounts
to 10~8. From statistics failure rates for aircraft has an order of magnitude of 1076 [96].° Assuming that
inasample aircraftthere are averagely 10 subsystems that furtherencompass 10 component stacks,
itcan be explained the 108 figure.? Itfollows thatif a system presents higher failure rates, redundancy
is needed to deliver safe operability of such.

6.5.1 Failure rate model

The reliability of a system is crucial in the determination of operational safety of such. This value is
computed through the analysis of the failure rate of the single components constituting a system. In
general terms, the reliability of a component is calculated, as shown in Equation 6.22.

R=e 7t (6.22)
where:

R =Reliability
A =Failure rate of component
t =Operative time in-between maintenance operations

Equation 6.22 shows thatreliability can be modelled with a negative exponential curve fora given failure
rate and time interval. Mathematically, it follows thatan increase in A or t leads to lower R. This logically
occurs because more frequent failures or longer operational times endanger the safe operation of a
given component. Another popular method is using Weibull distributions, these allow for a more flexible
modelling and the possibility to achieve a’bathtub” shaped distribution, typical of components with high
infant and end of life mortality. On the other hand, such probability distribution requires an extra input
parameter over-complicating the calculation process already depending on many variables. Negative
exponential probability is then confirmed to keep clarity and straightforwardness at the centre of the
focus of the section.

A given component can fail in different modes. The failure rate of every single mode can be modelled
through statistics or testing. Since the component can fail due to any of the modes, the resultant com-
ponent failure rate is equal to the summation of these. Equation 6.23 shows how the failure rate of a
component that can fail in k ways is calculated.

A:)l.l+lz +A3+...+/1k (623)
Taking a step back from the precise regulations in the aerospace sector, a thorough analysis of the

relationship between component and its stack has to be performed to fully understand how the failure
rate behaves.

SURL nhttps://www.aviationpros.com/home/article/10388070/measuring-reliability-and-avail
ability [cited 21 June 2019]

°As explained in subsection 6.5.1 when elements are connected in series, as in the case of subsystems in an aircraft, the
failure rate propagates through addition. It follows that the addition of 10 or more elements in order of magnitude of 10
will have a magnitude of 10V+2,


https://www.aviationpros.com/home/article/10388070/measuring-reliability-and-availability
https://www.aviationpros.com/home/article/10388070/measuring-reliability-and-availability
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Figure 6.10: Stack
B of components A, connected
both in series and parallel. Figure 6.11: Stack B with an extra row of components A in parallel.

Figure 6.10 shows a stack, called B, of a given component A. These components are connected both
in parallel and in series. This structure resembles many electrical systems as a collection of Solar Cells
(A)ina PV array (B) or battery cells (A) in battery packs (B). From basic electrical engineering theory,
unless a proper secondary path has been designed, the failure of a componentwill bring all of the others
connected in series to malfunction as well. This occurs due to the incapacity of the current to overcome
and flow around the malfunctioning component. On the other hand, the failure of a row of components
does not affect the correct functioning of the others attached in parallel. The singular consequence of
suchaneventtooccuristhe reductioninthe output currentofthe components stack. Itis then explained
why redundancy is created in parallel rather than in series. The mathematical consequences of these
considerations are shown in Equation 6.24 and Equation 6.25.

Arow =4-Nseries (6-24)
where:

Arow =Failure rate of arow of components
Nseries = Number of components in series

ANsim =ArowNSim (6.25)
where:

An,,;,, = Failure rate of N simultaneously malfunctioning rows
Ngim =Number simultaneously malfunctioning row

In a nutshell, failure rate propagates through addition in series and multiplication in parallel.
Established the basics of failure rate, itis possible to investigate its relationship at the stack level. More
precisely, Figure 6.10 shows the scenarioinwhich B meetsits setrequirements through the correctfunc-
tioning of all of its subcomponents A. This means that in the case of failure of one or more components,
regardless of their disposition, also B will fail to meet its requirements. It follows that:

AB =2Arow Nrow =24 Nseries Nrow =4a-Na (6.26)
where:

Ap  =Failure rate of the components stack B
A4 =Failure rate of the component A

N,ow =Number of components rows in parallel
N4 =Number of components A

If Az does not meet the set industry requirement of 108 redundancy is needed. Figure 6.11 shows
the scenario in which and extra row of components is added to B in order to increase reliability. In this
case, a maximum of one row of components can fail without affecting the functioning of B. It follows



6.5. Power Reliability 63

that the failure rate of B is the failure rate of 2 simultaneously malfunctioning rows times the amount of
combinations of rows that can fail. In mathematical terms:

(Nrow+1)>

(6.27)

where:

N,..q =Number of redundant rows in parallel

n — . . . .
() =Numberof combinations of kinn : 7=

Now if Equation 6.27 is generalised for a given amount N,..; of redundant components rows, the failure
rate of a structured stack is give by:

(Nrow+Nred)> (6.28)

Astack = /17'ori6d+1 : < Nyog+1

Equation 6.28 can be validated by realising that it encompasses also the original case described by
Equation6.26. Insuch case, the stack was designed to just meet the requirements and so noredundant
rows of components are implemented, leading to N,..4 being 0. If such insight is substituted in Equa-
tion 6.28itcan beimmediately seenthat (er"w ) isequalto N,.,,, itselfleading backto Equation6.27. The
powerfulness of such model lies in the relationships it draws between the number of components, their
disposition, their failure rate and the overall stack failure rate. This means that for a goal failure rate and
setofrequirements, itis possible to determine how many redundant components shall be implemented.

6.5.2 Design Modifications

Thepowerplantdesignispresentedinsection6.6, wherethe components stack sizeandinter-connections
are analysed. In this subsection, the underlying reason for the implementation of redundant compo-
nents is explained supported by calculations following the model presented in subsection 6.5.1. This
subsection assumes that components specifically developed for the aerospace industry have been de-
signed to comply with the regulations. Meaning that components as the onboard computer, combiner
box, system meters, charge/load controller, quadrature encoders, wing/nacelle swivels and gearboxes
are assumed to have a failure rate of 0.5-10~8. The most critical components stacks considered for the
calculationofthe reliability ofthe power are the fuel cells, batteries, DC/DC converters, motor controllers
and electric motors.

PEM fuel cell failure rate, as explained by a performance evaluation from NASA, amountsto 1-107°
[97]. Even though fuel cells are both connected in parallel and series, for reliability purpose, these are
considered to be connected only in parallel. Such a conclusion is reached through the implementation
of secondary "emergency” electrical lines that connect each fuel cell to the charge/load controller. It
follows that in case one fuel cell fails, the rest s still able to function properly.

Lithium-lon battery failure rate is estimated to be 1-10~7 according to models build upon the Boeing 787
Dreamliner battery pack. The battery pack counts 64 rows of 64 cells each.

Radial compressors show a failure rate of 1.65 - 107>, the highest value recorded through the power
plant system probably linked to the high operational stress in this component. Five compressors are
needed to operate the fuel cell stack, and all of them are connected in parallel.

Asforthe DC/DC converter ofthe bus, the data sheet reports a mean time between failure of over 50000
hours. Thisleadstoafailurerateof2-1075. Fortherestof DC/DC converters, thefailurerateis estimated
to be 2.79 - 10~¢ with mosfet failure dominating above diode, and Capacitor Polypropylene metalised
filmmalfunctions. Itisestimatedthatone convertercanhandle boththe radiatorand compressorstacks.
Motor controller also mounts a mosfet and are similar in architecture to DC/DC converters differing just
in the AC current output. It can be concluded that a similar failure rate to the DC/DC converter can then
be assumed also for the motor controller. To operate the motors four controllers connected in parallel



64 6. Power Plant

are needed perrotor.

Brush-less DC Electric motors resulted to have a lower failure rate compared to the brushed coun-
terpart logically due to the absence of the failure mode linked to the brushes. The main failure modes
registered in ascending order by a study from the University of Johannesburg are related to stator hous-
ing, windings, armature and finally above all bearing. More recent studies show that the failure rate of
bearings has been improved in the recent year, so to lead to a final total failure rate of 1.15-107>. To
perform the mission, three motors are needed per rotor. In case of failure of one motor, the shaft is
assumed to be able to rotate.

Table 6.7: Redundancy design modifications.

Component Neertes | Nrow | AIR™Y] | Ainitiar [R™Y] | Nrea | Arow [R7Y] | Astack [A7]
Certified components 7 1 5.00E-09 | 3.50E-08 0 3.50E-08 | 3.50E-08
Fuel Cell 1 7 1.00E-06 | 7.00E-06 1 1.00E-06 | 2.800E-11
Battery 64 64 | 1.00E-07 | 4.10E-04 2 6.40E-06 | 1.20E-11
DC/DC Bus 1 1 2.00E-05 | 2.00E-05 1 2.00E-05 | 4.00E-10
DC/DC 1 1 2.79E-06 | 2.79E-06 1 2.79E-06 | 7.78E-12

Motor Controller (L) 1 6 2.79E-06 | 1.67E-05 1 2.79E-06 | 1.63E-10
Motor Controller (R) 1 6 2.79E-06 | 1.67E-05 1 2.79E-06 | 1.63E-10
E-Motor 1 3 1.15E-05 | 3.45E-05 1 1.15E-05 | 7.92E-10
Compressor 1 5 1.65E-05 | 8.25E-05 2 1.65E-05 1.57E-13

Table 6.7 presents how the design of the power plant has been tuned to deliver the required failure
rate. Firstly, Ainitiq iS Used to determine whether the component stack needs redundant rows to meet
the requirement. This is calculated as explained in Equation 6.26. It can be noticed immediately that
all the components stacks, except for the ones specifically designed for the aerospace sector, have a
failure rate of above 10~8. By applying Equation 6.28, it was possible to evaluate the minimum number
of redundant components rows to be integrated to meet the goal failure rate. This finally explains the
architecture presented in section 6.6. In conclusion, by adding all the single stacks failure rates, it was
found that the power plant system has a failure rate of 3.66-1078 h~1.

It can be concluded that through the implementation of extra components row, the power plant system
meets the set target of failure rate, and itis safe to be operated.

6.6 PowerPlant EBD

This section presents the architecture of the system. A detailed electrical block diagram, EBD has been
developed to display all the components implemented and how they connect. The circuits have been
designed not only to connect different components but also to deliver the right voltage and current for
the safe and correct operation of the entire system.
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Figure 6.12: Electrical block diagram with a focus on the power plant.

Figure 6.12 presents the architecture of the power plant system. The circuits have been designed to
deliver the right voltage and current for the safe and correct operation of the entire system.

Fuel Cell Stack

Starting from the fuel cell stack, there are eight fuel cells, 2 in series and 4 in parallel. The output lines
from the fuel cell rows are collected in a combiner box. The function of the combiner box is to pass the
output of every row through a fuse and then collect them on a single conductor. The fuses allow for the
control of the line and avoid unexpected fluctuations in the rating. The combiner box is also equipped
with monitoring sensors, remote rapid shutdown devices and a DC/DC converter. Every fuel cell is
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equipped with a secondary emergency line in case the current has to be diverted to avoid a malfunc-
tioning component. In that case, the monitoring tool activates the emergency protocol and the current
outputted from the emergency line is tuned to meet the voltages of the other rows. In such a way the
combiner box can deliver reliable power at a constant voltage.

The combinerboxandits fuses have then to be sized forthe mostrestricting voltage and currentrequire-
ment. This is reached when a fuel cell fails, and the rest are running at maximum to compensate. The
maximum power is reached when each cell of the fuel cells runs at 0.65 V and 450 A [89]. The power
cell S3 167 mounts 167 cells leading to the max voltage rating of:

Vioaee = ViCoy 167 Nseries=0.65-167-2=217.1V (6.29)

Where:

Vec,0ee = Maximum voltage of the fuel cell stack.
Ve, =Maximum voltage of a singe cell.

The maximum output current of the fuel cell stack can also be calculated as:
Ichtack=IFCC6”-NTOW=450-4=1800A (6.30)
Where:

IrCogen = Maximum current of the fuel cell stack.
Irc,,, =Maximum currentofa singe cell.

Battery Pack

The second energy source of the power plant is the battery pack implementing LiFePO, cells. This
cellchemistry has been around since 1997 and is used in stationary energy storage such as renewable
energy and smartgrids, as well as on-board energy storage such as HEVs, EVs and PEVs [52]. One of
the main challenges of this type of battery is low ionic mobility that can lead to a loss in energy capacity.
However, through a graphen flakes based coating on the cathodes, it is possible to tackle the sluggish
kinetics of Li-ion transportand achieve specificenergy of 0.448 kWhkg~! at 10 C rate of discharge and so
4.48 kWkg~! specific power. Each battery cell has a maximum output voltage of 3.4 V at 10 C discharge
rate [52].

The batteries, in the worst case scenario, shall be able to meet the maximum voltage produced by the
fuel cell stack so as not to jeopardise the stability of the electrical system. In other scenarios, the output
voltage is controlled by the charge/load controller that will be treated in more detailed later on. Itfollows
that the number of battery cells needed in series is:

Ve 2175 _

cellseries — VBcell T34 64 (6.31)
Where:
cellyrios = NUMber of battery cells in series.
VB ou =maximum voltage of a single battery cell.

In order to enhance the quick launch on the market of the battery pack, industry standards cell packag-
ing has been considered. This would allow for the use of readily available machinery for the packaging
while just changing the inside chemistry of the cathode. The industry standards, set by the samsung
21700-48G also used in the Tesla model 3, is a cylindrical cell with diameter d.;; of 21 mm and length
lce1; 0f 70.5.11:12 The volume of such battery cell can be calculated to be:

2

2
% _ deent _ 21 _ 3_ .
olume e = > T leer = > -1-70.5=24418.4mm"> =2.44E —2liter (6.32)

"URL https://www.amicell.co.il/batteries/rechargeable-batteries/li-ion-batteries/ [cited 23
June 2019]

2URL https://www.teslarati.com/inside-tesla-model-3-2170-1ithium-ion-battery/ [cited 23 June
2019]


https://www.amicell.co.il/batteries/rechargeable-batteries/li-ion-batteries/
https://www.teslarati.com/inside-tesla-model-3-2170-lithium-ion-battery/
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LiFePO, cells are reported to have an energy density p..;; of 1000 WhL™! [52]. Itis then possible to
calculate how much energy is stored in the standard sized battery cell:

Eceti =pPcerr’Volume e =1000-2.44E —2=24.418Wh (6.33)
Where:
Ecenr =Energy capacity of a battery cell
Dcell =Energy density of LiFePO, cells

Volume_.;; =Volume of a battery cell

As explained in subsection 6.4.3, the most constraining sizing requirement for batteries is energy. It
follows that, by knowing how much energy has to be stored in the batteries, N, Ecerpand N,.oq it
is possible to calculate the number of cell rows in parallel:

cellseries?

energystorage_l_ 100E3 N
Uparalte = d= 51 112.¢4
€ tparallel Eceti*Neellgyy o Te¢ T 24.418-64

N, 2~66 (6.34)

Summarising the deductions carried through, the battery pack will have 66 rows with 64 cells each
amounting to approximately 103 kWh. Now it is possible to estimates the size of the battery pack so to
be integrated into the overall design. The battery cells need to not be in contact with each other so notto
short circuit rows. This can be done by separating the cells with a non-conductive material as a glue or
cardboard '3. The temperature status of the batteries is controlled by a thermistor that indirectly com-
municates to the cooling system through the onboard computer. The batteries are indeed liquid cooled
in the same manner that the fuel cells and the electric motors are. As for minimum temperature control,
the battery pack is inserted under the cabin and makes use of its heating system for low-temperature
control. To further contain fluctuation in the volume of the battery pack, the cells are wrapped in heat
shrinktape andthen placedinalightweightplastic casing. In conclusion, itis estimated thatthere should
be around two mm of space to be leftin between the cells to allow for the measures mentioned above to
be implemented it follows that:

Neettyaraie Neettyarane 66 66
wp = ——Parallel g s | ——peretiel g )< —-21+2-<—+1> =748.5mm (6.35)
Nce”luyers Nce”layers 2 2
N . N, . 64 64
lg= %.dcelﬁs.(%ﬂ) = 7-21+2-<7+1> =738.0mm (6.36)
celligyers celligyers
hB = lcell .Ncelllayers + (Nce”layers + 1) = 705 -2 + 3:2=147mm (637)
Where:
wg =Width of the battery pack.
lg =Length of the battery pack.
hg =Height of the battery pack.
Nce”laym =Number of layers of cells in the battery pack.

Chargel/load Controller and Appendices

Boththe battery pack and the fuel cell stack are connected tothe charge/load controller. Safety switches
on both connecting lines have been implemented to avoid uncontrolled voltage and currentinputin the
component. One ofthe main functions of the charge/load controlleris to communicate with the onboard
computer and manage the input from both the fuel cell stack and batteries. Furthermore, it tracks the
state of charge of the battery pack through voltmeter and ammeter ratings and assures the safe charge
and discharge of it. It follows that one side of the recharging line is directly connected to the charge/load

BURL https://www.powerstream.com/BPD.htm [cited 23 June 2019]


https://www.powerstream.com/BPD.htm
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controller while the other is connected to the ground facilities. Here, AC current from the grid is trans-
formed by aninverter/chargerin DC current to be fed in the power plant system.

The charge/load controller distributes the produced power to all the relevant systems in the circuit. One
specific line is dedicated to compressors and radiators, and voltage compatibility is assured through
the implementation of two Fraunhofer DC/DC converters. The ignition switch is placed along the power
line of the compressors. When the system is started, the compressors start feeding air to the fuel cells
thatin seconds already start to produce nominal power.

Nacelle Units

A big portion of the power output from the charge/load controller is directed towards the two nacelles
where the propulsion systems are contained. The titanium wing/nacelle swivels assure the rotation
of the nacelles. Inside the nacelles motor controllers, electric motors, gearboxes and quadrature en-
coders are stored.

Firstly, power inputis fed into the motor controllers that convert DC current to a 3 phase outputtuned to
operate the motors. About 600 kW are needed at each nacelle to perform the mission. This power is
tuned by seven motor controllers of which one is redundant.

Secondly, the motor train counting four units in each nacelle operates the main shaft. Atthe end of the
shafts, the gearboxes are connected. These are single speed gearboxes that are directly connected
to the propellers. Just after the gearboxes, one quadrature encoder per propeller is connected. The
quadrature encoder measures the rotational speed of the rotor and, by communicating with the onboard
computer and the motor controllers, ensures that the desired rpm is delivered constantly with minimal
fluctuations.

Master Bus

The last output of the charge/load controller is towards the master bus. The electric line from the mas-
ter bus is rated at 28 V. The higher voltage compared to a standard 14 V systems allows for weight
saving in the cabling of the cabin as for the same powerless current is needed. Directly connected
to the master bus are the aircraft actuators for control, landing and door release. As for the avion-
ics, a dedicated bus bar is connected to the master bus for power delivery. The main avionics con-
nected are the Navigation Instruments (GPS, NAV, efc..), transponder, lights, radio and reserve ra-
dio.

The final component attached to the master bus is the cabin bus bar. This delivers power to all the
electronics used in the cabin. A solenoid switch is placed just before the bus bar to assure the safety of
the system. If the current exceeds the safe limit, the solenoid inductor creates a magnetic field strong
enough to operate the safety switch. Once the safety hazard has been tackled, the switch can be reset
to its original position through remote control.

Conclusion

The hydrogen powered fuel cell based power plant that powers Futura has been designed to
deliver 1394 kW. This was achieved with a total weight of 1132.4 kg. Futura stores energy
in chemical form in liquid hydrogen and batteries. The liquid hydrogen needed at refuelling
for the mission weighs 14.3 kg and is stored in a tank that was designed to keep cryogenics
temperature. The tank uses a combination of materials to provide both structural integrity and
insulation and weighs 25.8 kg. Eight fuel cells convert the chemical power stored in hydrogen
to electrical power and together with the batteries they are connected to the electric motors
through a power electronics system. The eight electric motors provide power and torque to the
rotors using a gear box. The system is cooled using radiators that are able to reject a total of 550
kW of heat in critical atmospheric conditions and peak power. Finally, through smart selection
of component redundancy a total reliability of 3.66E-8 h~! was reached.




/. Stabillity and Contro

With a layout of the main components of the aircraft, the stability and controllability of the aircraft are
assessed. For on-ground stability landing gears are analysed in section 7.1, in section 7.2 the control
methods for both vertical and horizontal flight are determined, and in section 7.3 the empennage and
wing position are sized for horizontal stability and controllability. Then, in section 7.4 the design of the
control surfaces and actuators is done, including the horizontal and vertical empennages as well as the
vertical control actuators. An analysis of the control system follows this in section 7.5, an analysis of the
mass in section 7.6 and finally validation in section 7.7.

7.1 Landing Gear

Sizing Futura’s landing gear is an essential for the aircraft’s ground and landing operations. As men-
tioned in section 4.2, in the emergency condition, the aircraft is capable of gliding as an aircraft to land
on a runway. This means that the landing gear has to be able to sustain not only the loads deriving
from vertical take-off and landing procedures but also the limiting aircraft like landing case. Hence, the
landing in the emergency condition is going to be the limiting case to size the landing gear.

7.1.1 Tires and Shock Absorption Capabilities

Firstly, itis necessary toidentify the maximum touchdown rate the aircraft can encounter during landing.
This vertical speed is an indicator of the vertical load the gear has to be able to sustain during landing.
For CS-23 aircraft category it was be found to be w,=3.05 ms~! using Roskam IV statistical relation-
ships [98]. During landing, itis assumed that the main landing gear has to absorb all the energy during
the touchdown. Hence the maximum energy the landing gear will ever encounter is dependent on the
maximum vertical speed according to Equation 7.1 [98].

1
Et=§Wth2 (7.1)

Where the landing mass W, is 88% of the MTOW [99]. A value of 18581 J was obtained. Hence the
landing gear shall be designed to absorb at least this energy. The energy that the landing gear is going
to be capable of absorbing is established by Equation 7.2 [98].

Et:nstNg(nt5t+7735$) (7.2)

As a consequence, the parameters in Equation 7.2 have to be determined. The tire energy absorption
efficiency has typically a value of ,=0.47 [98]. Oleo-pneumatic shock absorbers were chosen for the
landing gear: their energy absorption efficiency is on average 1,=0.8 [98]. The required stroke length
s can be computed using Equation 7.3.
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A landing load factor of 3, which is typically of CS-23 aircraft [98], is used and a static load on the main
landing gear (P,,) is 92% of the maximum take off weight. With this values, a stroke length of 15.3
cm was found. Eventually the tire design had to be completed. The tire choice was function of the
load classification number that was found to be 20 from a statistical regression from 8 aircraft data as
provided by Roskam in Layout of Landing Gear and Systems [98]. The load classification number, in
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fact, establishes the tire pressure given aircraft mass and landing surface. The tire inflation pressure,
could be found to be equal to 610 kPa. Hence, given a combination of maximum inflation pressure for
the tires and the static load they have to be able to sustain, the tires could be chosen for the nose and
mainlandinggear. Itisimportantto specify thatthe mainlanding gear has two struts and two wheels with
the loading force acting through the strut axis. The landing gear tires characteristics are summarisedin
Table 7.1.

Table 7.1: Main and nose landing gear tires characteristics.

Main Nose
Do[m] | 0.43 | Dy[m] | 0.35
d[m] | 0.22 | d[m] | 0.15
bs[m] | 0.17 | bs[m] | 0.11

Hence, the main landing gear tire defection was found to be s,=0.017 m using the tire’s corresponding
loaded radius [98]. Hence the maximum energy the main landing gear is able to absorb could be found
to be 19509 J using Equation 7.2. This value is greater than the maximum energy the landing gear will
statistically encounter based on wy.

7.1.2 Position and Dimension

The position of the landing gear on the aircraft had then to be specified in order to provide stability and
ensure manoeuvrability on ground. In other words, the normal force on the nose landing gear had to
be at least 8% of the total weight of the aircraft. Finding the right spot was an iterative process, since
changing [, and L,,, shown in Figure 7.1 would vary the position of the centre of gravity consequently
changing the weight distribution over the nose and main landing gear.

nose gear main gear @:ﬂ:ﬁ:’_“_%_

Figure 7.1: lllustration of the landing gear disposition.

Figure 7.2:
Sideways turnover requirement dimensions.

On top of this condition, landing stability had to be achieved meaning that [,;, == (h.g + s5 +s;) - tan6;
[100]. The landing tip back angle 6, was approximated to 8.65 © since this was the angle at which
Vapproach €aN be attained in clean configuration chapter 5. This case was considered as the limiting
one in case of full power shut down and inability to operate the flaps. The maximum deflection of the tire
and shock absorber s and s; were determined in subsection 7.1.2. Additionally sideways turnover had
to be prevented during turns according to Equation 7.4. This meant setting a relationship between the
landing gear track, shownin Figure 7.2, and ,, and [,,.
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Where 9 is the turn over angle which is set to be 55° [98]. Eventually, it was necessary to check for
ground engine clearance. In Futura’s case, this is particularly relevant at emergency landing when the

propellers are tilted upwards, and the nacelle casing is in the vertical position. yyLg > Ve — tazll':qo had to

be satisfied where z,, is the height from ground of the bottom of the nacelle when in vertical position and
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¢ has tobe atleast 5°. The distance from the centerline to the nacelle is 5.185 m. The value of z,, was
0.523 m.

As mentioned above, the landing gear design process was iterative. As the mass components varied
the centre of gravity would change position impacting the various design constraints mentioned above.
A summary of the landing gear parameters is presented in Table 7.2. The nose and main landing gear
respective masses have been estimated to be 50.5 kg and 122.6 kg using Roskam relationships [40].
The landing gear struts are going to be made of the steel alloy AlS1 4340 since this material is preferred
for high loaded structures [9, 41]. Additionally, the landing gear wheel is made of Magnesium Elektron
ZW3F since this is the typical material used for such applications [9].

Table 7.2: Summary of the landing gear geometry parameters.

YmrgIml | 1 | I | 3.4[m]
hegm] | 1.3 | Ly | 0.28[m]

7.1.3 Verification and Validation

The verification and validation procedure of the landing gear design parameters has been completed by
checkingthatallthe obtained dimension would respectthe criteria establishedin subsection 7.1.2. Also
creating the CATIA model of the landing gear allowed to have a much better visual understanding of its
integration with other aircraft’'s systems. Forexample, itwas possible to check the lateral position of the
landing gearin the wing. Additionally, it was possible to verify that there would be enough space to store
the main landing gear in the fuselage. The movement of the landing was also ensured by developing its
kinematic concept. An visual of the landing gear can be observed in Figure 7.3.

e, -

Figure 7.3: Landing gear illustration.

7.2 Control Methods

With two different modes of flight, the most appropriate control methods must be selected to ensure
stability and control during flight. For vertical stability and control, the aircraft uses the tilt rotors with
collective and cyclic, while for the forward flight the aircraft uses flaperons, elevators and a rudder.

7.2.1 Vertical Stability and Control Configuration

The vertical stability of the aircraft can be achieved in several ways. A starting point is the most analo-
gous to a helicopter, with collective and cyclic. Collective changes the pitch of all the blades on a rotor
so that they change in the lift; this increases or decreases the total thrust of the rotor. Cyclic is divided
into lateral and longitudinal cyclic pitch and is used to reorient the thrust from the rotor. This mecha-
nism is quite complicated with many moving parts, therefore likely making required maintenance more
regular. However, the mechanism is quick in changing the direction of the thrust vector, making the
aircraft more quickly controllable. A second solution to provide vertical stability and control is with afan
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in the nose of the aircraft and only collective on the rotors of the aircraft. A large benefit of this would
be to allow flexible placement of the centre of gravity of the aircraft. However, this would also come
with increases in power required and mass, and restrictions on the integration of avionics and nose
landing gear placement. Finally, it would also be possible to use only use the collective and the nacelle
rotation mechanism. A big drawback is that rotation mechanism with a tremendous torque must be
present to provide sufficient high acceleration for longitudinal movement, which adds more mass than
the cyclic.

Considering these three different options, the most viable option is the use of collective and cyclic.
Althoughthe nacelle rotation, as a primary control method is discarded, the unique aspects of a tilt-rotor
canstillbe used to the advantage of the design. Specifically, forlongitudinal pitch, the nacelle can be ro-
tated slightly. Forexample, for rearward movement, the nacelle can be rotated backwards. The largest
drawback is that the c.g. placementis rigorous. The c.g. must lie very near to the rotor so that changes
in the angle of thrust can sufficiently change the moments acting on the aircraft.

7.2.2 Horizontal Stability and Control Configuration

The choice of a suitable configuration has driven the design of the empennage. Three options were
therefore considered, namely the T-tail, the V-tail, and the canard. To define which configuration to size
the empennage for, a brief trade-off was performed. Table 7.3 summarises the main advantages and
disadvantages of each of the three options.

Table 7.3: Empennage configurations comparison.

Configuration Advantages Disadvantages
V-tail Lower Structural Decreased Control
Weight Effectiveness
Canard Positive Lift Possible

Unrecoverable Stall
Lower Interference Drag, | Deep Stall Considerations,
Improved Fin Efficiency Structurally Heavy

T-tail

Among them, the V-tail configuration was the first one to be discarded. Indeed, although structural
weight savings can be achieved by having two control surfaces instead of the elevator and rudder for
standard pitch and yaw control, the disadvantages related to this configuration out weight this benefit.
Themaindrawback ofthis configurationis related to the fact that the control surfaces would be subjected
to the turbulent flow generated by the rotors, consequently additionally affecting the control effective-
ness.

When looking at the canard configuration, the following considerations have instead been made: the
canard is located in front of the main wing, and it is, therefore, able to provide positive lift helping the
wing to support the weight of the aircraft. As a consequence, alower wing surface areais required. On
the other hand, a centre of gravity shift behind the aerodynamic centre of the main wing would resultin
adangerous pitch up moment, which is hard to recover from.

Finally, the main advantages of the T-tail configuration can be summarised in lower interference drag
and improved fin efficiency. The lower interference drag is because only the lower part of the horizontal
stabiliser is connected to the vertical fin, while the enhanced fin efficiency results from the horizontal
stabiliser itself preventing the flow of air to flow from the pressure side to the suction side of the fin. A
smaller vertical fin surface area would, therefore, result as a consequence of these benefits [101]. A
significant disadvantage of this configuration concerns the so-called deep stall, meaning that once the
aircraftenters astallathigh angles of attack, such stall is challenging torecover, due to the turbulent flow
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generated by the stalling main wing [101]. Besides, T-tail configurations are structurally heavier than
standard configurations to support the extra moment created by the horizontal stabiliser being located
atthe top of the vertical fin.

In conclusion, while the canard and T-tail are preferred over the Viail, it is hard to choose between the
remaining two options only based on high-level considerations. A stability and controllability analysis
is therefore performed in section 7.3 to assess which configuration is the most feasible for the design.

7.3 Empennage Sizing

The sizing of the empennage follows from satisfying the stability and controllability requirements.

The stability and controllability curves delimit the design space where both of them are satisfied in the
scissor plot. Combining such a plot with the centre of gravity range for various wing position allows for
defining an optimum value for the horizontal stabiliser surface area. While fundamental considerations
about the scissor plot are presented in subsection 7.3.1, the payload diagram from which the centre
of gravity ranges can be defined is discussed in subsection 7.3.2. The outcomes resulting from the
combination of the two are instead presented in subsection 7.3.3. Finally, the approach followed for the
sizing of the vertical fin surface area is explained in subsection 7.3.4.

7.3.1 Scissor Plot Diagram: Lifting-Body Fuselage Contribution

Giventhataliftingbody fuselageisimplementedinthe design, the performed analysis alsotakesintoac-
countthe additionalliftthatthe fuselageitself produces in addition to the one ofthe main wing and the tail.
The main lifting forces affecting stability and controllability for a T-tail aircraft are sketched in Figure 7.4.
A comparable sketch and the following reasoning can similarly be done for a canard configuration.
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Figure 7.4: Sketch of the lifting forces acting on the aircraft.

Ithasbeenassessedthatfora T-tail configuration theliftgenerated by the fuselage negatively affects the
stability and the controllability of the aircraft. This conclusion can be drawn on the basis of Equation 7.5
and Equation 7.6 which have been derived to assess the influence of the fuselage on the empennage
design space:
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where the down-wash d— and the velocity ratio 7 take a value of 0 and 1 respectively due to the T-tail
conflguratlon When looking at Equation 7.5, the contribution of the fuselage is represented by the term

Cl“f jf Y Since such term is positive, the stability curve shifts upwards in comparison with the one
ofa standard configuration, moving the aerodynamic centre of the wing towards the leading edge of

the mean aerodynamic chord. Consequently, the design space available for the sizing of the tail re-
sults to be reduced. The effect of the term < ‘“f + gifssf I has also an analogous effect by shifting the
controllability curve upwards.

7.3.2 Payload Diagram

To correctly size the horizontal stabiliser, it is necessary to know the location of the empty weight centre
of gravity and how the centre of gravity itself moves when the payload and the fuel are loaded on the
aircraft. The location of the different main components of the OEW and the related weights are reported
in Table 7.4. Furthermore, the loading diagram of the aircraft corresponding to the final OEW location
of 0.465 of the MAC is reported in Figure 7.5.

Table 7.4: Longitudinal position of the subsystem components from the aircraft nose.

Fuselage [m] 4.87 Wing [m] 3.48
Fixed Equipment[m] | 3.28 Radiators [m] 4.32
Nose Landing [m] 0.86 Nacelle [m] 4.32
Main Landing [m] 4.54 Propellers [m] 3.32
Cargo [m] 6.81 | Horizontal Stabiliser[m] | 9.24
Fuel Cell [m] 7.78 | \Vertical Stabiliser[m] | 9.24
Battery [m] 2.92
3800 A
o 3600
=
= 3400
3200 A

044 045 046 047 048 049 050
xcg/MAC [-]

Figure 7.5: Loading diagram.

When looking at Figure 7.5, the first line drawn at the bottom of the diagram represents the loading of
the cargo in the cargo compartment. Secondly, the passengers are loaded, from the front to the back
and vice versa, as shown by the blue and the orange line respectively. The zero fuel weight sums up to
a value of 3907 kg. Finally, the weight of the fuel is added, therefore reaching a MTOW of 3925 kg as
shown by thetop blueline. As canbe seenfromthe diagram, the maximum centre of gravity shiftranges
from 44% to 50% of the MAC.

7.3.3 Combining the Scissor Plot and the Centre of Gravity Range Diagram

Figure 7.6 and Figure 7.7 show the results of the combination of the scissor plot and the centre of gravity
range diagram forthe T-tail configuration and the canard respectively. Itcan be noticed in Figure 7.6 that
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anegative surface area is obtained for the canard. As a consequence, a T-tail configuration is chosen.
Although there is an optimum at a different points, the centre of gravity range is constrained to have
a most aft position of 0.5 of the MAC behind the wing corresponding to the location of the rotor in the
vertical position. The centre of gravity is constrained to this point to be able to make a proper use of the
swashplate in vertical control. The centre of gravity must lay in front of the rotor line for the aircraft to
automatically tip forward, rather than back. Furthermore, a tail over the main wing surface area ratio of
0.13 is chosen instead of 0.06, the optimum value shown in the plot. This choice is because a surface
arearatio of 0.6 seems unfeasible when compared to the ones of the reference aircraft listed in subsec-
tion 7.4.1; also, a bigger c.g. range is achievable when the surface area is increased. An horizontal tail
surface of 2.69 m? is therefore obtained. For this tail surface area, a corresponding wing position is also
determined. Theleading edge ofthe wing s positioned at 34 % of the fuselage length to achieve stability.
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Figure 7.6: Scissor plot canard configuration. Figure 7.7: Scissor plot T-tail configuration.

7.3.4 \Vertical Fin Sizing

The sizing of the vertical tail is usually done considering the situation in which one engine is inoperative.
The required tail surface area has to be able to generate enough lift to counteract the moment created
by the operative engine about the centre of gravity and to keep the side slip angle at 0°. The mostcritical
condition the tail shall be sized for is at speeds close to the stall speed, when the lift generated by the fin
isthe lowest. The thrustrequired to overcome the dragin this conditionis 2187.77 N, therefore resulting
inamoment of 11299.8 Nm.

Alift coefficient value of 0.764 has been retrieved from Javafoil based on the selected NACA0018 airfoil
( see subsection 7.4.1), to which a maximum rudder deflection of 8° has been applied to counteract
such moment. Furthermore, a rudder over vertical tail cord ratio of 0.415 has been derived knowing the
rudder over vertical fin surface area from reference aircraft as reported [30]. A tail surface area of 1.68
m? has therefore been calculated.

7.4 Control Surface Sizing

After defining the vertical and horizontal tail surface area, as explained in section 7.3, the related plan-
form geometry can be defined, and the empennage and main wing control surfaces can be sized. This
isdoneinsubsection7.4.1, subsection 7.4.2 and subsection 7.4.3 respectively. In subsection 7.4.4 the
swashplate and nacelle swivels are analysed.
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7.41 Empennage Planform Geometry

The main parameters characterising the geometry of the horizontal and vertical surfaces are shown in
Table 7.5 with their related numerical value. Each ofthese values has been defined based on reference
twin-engine propeller aircraft as reported in [30]. Such values are also shown in Table 7.5. Among the
different aircraft categories for which relevant data are provided in [30] the twin-engine propeller aircraft
are the most comparable ones to the configuration chosen for Futura, and they have therefore been
taken as a category of reference. In particular, the Cessna 402B, the Cessna 414A, the Piper PA-31P,
the Duke B60, and the Piaggio P166-DL3 present a gross weight and cruise performance comparable
to the ones required for Futura [30].

Table 7.5: Planform geometry values.

Horizontal Stabiliser Vertical Tail
Parameter | Reference | AssignedValue | Reference | Assigned Value

Aspect Ratio 3.7-7.7 4 0.18-1.8 1.2

Sweep Angle 0-17 0 18-45 18
Taper Ratio 0.48-1 1 0.33-0.74
- NACAO009- NACAO009-

Airfoil NACA0018 NACAO0018 NACA0018 NACAO0018
Dihedral 0-12 0 90 90

A brief explanation is here below provided for the main values chosen:

» Aspect Ratio: given that for subsonic aircraft the horizontal stabiliser aspect ratio ranges be-
tween 3 and 5 a value of 4 has been selected, resulting in a cord of 0.82 m and a span of 3.26
m. For the vertical fin, a value of 1.2 is instead considered appropriate for a T-tail configuration
according to what reported in [102]. Knowing the vertical fin surface area, acordof 1.18 mand a
span of 1.42 mis therefore derived.

» Sweep Angle: no sweep angle is applied to the horizontal stabiliser. The main advantage of
sweep is indeed to reduce the drag divergence Mach Number. However, at low speeds, drag
divergence is not an issue, and consequently, there is no need to sweep the horizontal tail. For
the vertical tail, a minimum sweep is given by the reference values reported in Table 7.5. A swept
fin would increase the vertical tail arm, which is not necessary for the current configuration. Fur-
thermore, also indicates a value of around 20° for aircraft flying at low Mach numbers [102].

» Taper Ratio: although the range proposed in Table 7.5 goes only up to 0.74 for the vertical fin,
because of the additional structural weight imposed by the horizontal stabiliser on the fin itself, a
taperratio of value 1 seems more suitable for a T-tail configuration, as also reported in[102]. The
same taper value applies to the horizontal tail.

+ Airfoil Selection: typically symmetrical airfoil are used for the empennage since both, positive
and negative lift have to be provided by the horizontal tail and the vertical fin. A thickness over
chord ratio of 0.18 has been furthermore chosen due to its high stall angle of attack, therefore
guaranteeing pitch control even after the stall of the main wing.

7.4.2 Empennage Control Surfaces Sizing

The sizing of the empennage control surfaces of the horizontal stabiliser and the vertical tail is done fol-
lowing two different approaches. The elevator dimensions are obtained from the mentioned reference
aircraft, from which the elevator surface area is estimated to be 27.5% of the overall tail surface [30].
Consequently, given the defined tailplane geometry, an elevator cord of 0.22 m is obtained. The di-
mensions of the rudder follow instead from the sizing of the vertical fin as described in subsection 7.3.4:
being the rudder cord 41.5% of the vertical fin cord, a rudder area of 0.69 m? is consequently derived.
Table 7.6 summarises the discussed results.
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Table 7.6: Elevator and rudder dimensions.

Elevator | Rudder
Surface Area [m?] 0.73 0.69
Cord [m] 0.22 0.49
Span[m] 3.26 1.42

7.4.3 Aileron Sizing

The sizing of the aileron has been done together with the sizing of the flap, resulting therefore in a
flaperon device which combines the functions of both of the systems. The choice of implementing
flaperons comes from the need of satisfying a rolling requirement of 0.8 rad in 1.3 s, which is related to
the Class Iweight category the aircraftbelongs to. Following the stepwise approach as explainedin[34]
and based onthe defined wing geometry, a control surface withachord of 0.5 m andaspan of2.86 m has
been designed. The controlled surface so defined allows for a roll rate of 1.029 rads~! with a deflection
angle of 15 deg therefore satisfying the required roll rate. It has been assessed the fact that since the
flap already spans over 2.86 m out of the wing half span, sizing the aileron separately on the basis onthe
remaining available space, would have resulted into aroll rate of 0.38 rads . Combining the aileronand
the flap into a flaperon was, therefore, the only feasible solution for the roll rate required to be satisfied.

7.4.4 \Vertical Control Sizing

To size, the vertical control, a description of both the collective and nacelle hinges are required. Collec-
tiveis sized according to constraints of different subsystem parts whereas the nacelle is sized according
to required torque required for rotation and the maximum and minimum angular setting.

Swashplate

The swash plate is comprised of collective and cyclic. The collective angle must range between0° and
17° to supply the full range of the blade performance. For this to be possible, the connections of the
blades must be feathered so they can rotate. The collective raises the non-rotating part of the swash-
plate up and down changing the respective pitch of the blades equally. Cyclic tilts the non-rotating part
of the swash plate laterally and longitudinally. This changes the location of the thrust over the centre
of the c.g. to create moments that rotate the aircraft appropriately. To actuate the swashplate, three
hydraulic actuators are needed to control the height and orientation, in 4 dimensions. For cyclic to be
possible flapping capabilities must also be available to prevent over-stressing the blade with constantly
changing liftin each rotation. This can be accomplished using an articulated rotor head [103].

Nacelle Hinge

The nacelle range of the aircraft range between completely horizontal, level with the wing at 0°, and 5°
beyond vertical, at 95°. The movement past 90° allows for the aircraft to move rearwards.

Rotation of the nacelle requires a torque on the nacelle about the y-axis of the aircraft, out of the wing.
The x-axis is fixed to the rotor shaft, and the z-axis is defined in a right-hand coordinate system. The
torque needs to accelerate the nacelle about its vertical position. Pilots prefer a control response mo-
tion that is not too sluggish yet not too oversensitive. Different pilot preferences are given for response
rotation in a given time by experiment and can be seenin Table 7.7 [47].
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Table 7.7: Pilot Rotational Preference Response [47].

Axis Time[s] | Minimum Response [rad]
Longitudinal 1 0.046
Lateral 0.5 0.028
Yaw 1 0.112

Assuming a constantacceleration on the nacelle hinge, the required nacelle rotational acceleration can
be found for yaw preferences. For yaw, about the z-axis of the body, the nacelles are assumed to rotate
in opposite directions, from the purely stationary vertical position, resulting in a nacelle acceleration of
0.443 rads~2. The moment of inertia of the aircraft was calculated by assuming rotation about two solid
cylinders, the fuselage, and the wing. The pitch rate is not constraining as the swashplate can achieve
it. From this acceleration, the required torque to rotate can be found using Equation 7.7.

dw,
Iyy? +wxwz(1xx_lzz):Ty (7.7)
Although there is a rotational velocity on the x-axis, for the rotor along the shaft, there is none along
the z-axis, resulting in only the moment of inertia term to calculate the required torque. The nacelle is
defined as a cylinder for the moment of inertia calculation. To rotate the 240 kg nacelle at the desired
rate, a torque of approximately 43 Nm is required. The method to actuate is a hydraulic force swivel
connection. This is chosen in favour of a servo because a large, instantaneous torque is needed in a
small space. The mechanism is proven in this application by a similar use by Eaton in the V-22 Osprey
[104]. Forthe equivalent equation to Equation 7.7 in the z-direction, there is a torque exerted due to the
rotation in both the y-direction (nacelle rotation) and x-direction (rotor rotation). Considering the rotation
of the rotors at 60 rads~! the torque exerted on the wing is 4000 Nm which is significantly less than the
bending loading of the wing about the x-axis.

7.5 Aircraft Control Methods

With the stability and controllability of the aircraft established the control system to coordinate the re-
quired operation is needed. There are several important aspects to the control system which are dis-
cussed, namely: the pilotinputs, the dynamic control system, and the navigational control system.

7.5.1 Pilot Inputs

The inputs of such an aircraft are complicated as the controls must be mixed and described for different
phases of flight. For helicopters, pilots make use of alever for collective, with a rotating handle for throt-
tle, and a column for lateral and longitudinal pitch. For general aviation, a throttle lever is used along
with either a column or stick. For weight considerations, especially when considering redundancy, fly-
by-wire is used for this application. Fly-by-wire is also used because it poses many benefits for simpler
integration of automatic control methods. Different solutions exist for creating a safe and intuitive pilot
input system, such as separate controls, controller mixing, and control modes. Because there is only
one pilot, it is better only to have one set of controls that can be held simultaneously and that require
minimal input.

This results in two placements for the hands of the pilot. The first is a collective lever on the left side
of the pilot. Pulling the lever forwards or backward changes the collective of the two rotors simultane-
ously. The hand grip of the lever rotates to control the throttle of the engines, and the top of the lever has
arotating switch to control the rotation of the nacelles simultaneously. The control system manages the
differential control of the collective and nacelle rotation. On the right hand is the stick input that can be
moved forward, backward and from side to side to control the pitch and roll of the aircraft. The top of the
stick has a simple joystick to move backwards and forwards to control the trim on the elevator. Finally,
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the pilot has two pedals that can be used to control the yaw of the aircraft. The controls must have a
feedback force for the pilot to understand the current state of controlling the aircraft.

The main philosophy is that the pilot controls the change in state required and the flight control system
converts that to different inputs based on the state of the flight. This will be discussed in section 7.5.2.

7.5.2 Flight Control System

The flight control system comprises both the dynamic flight controller and the guidance control, both of
which are discussed in this section

Dynamic Control

There are two vital aspects to the control such that an aircraft can transition between different modes of
flight. Thefirstis the control modes, and the second is the coupling of the control mechanisms.

The control modes are dependent on the flight conditions during which the pilot does control inputs. A
simple way for the control system to understand the state of the aircraft is to base the control mode on
the nacelle rotation. As the nacelles rotate forward the control inputs from the pilot on the stick and the
pedals translate to different outputs through the control computer. The stick will continuously cause
changes for the elevator and the flaperons as they can be used at low airspeeds as well. As the nacelle
rotates forward, the cyclic control output from the computer phases out as the control mode of the cyclic
becomes more coupled with other motions. The cyclic control must not phase out before 45° because
the constantforward velocity to be sustained by wings has notnecessarily been achievedyet. The value
for this transition must be developed further with testing. However, a preliminary value of 45° can be
taken.

During the phasing of the two different control systems many automatic processes must take place;
such as, the control of the flaperons for maximum lift during the transition, control of the motor torque for
collective changes, and coupled controls in hover which will be discussed next [103].

The main cross-coupling effects in hover for a helicopter are collective - yaw, collective - lateral cyclic,
and longitudinal - lateral cyclic. A change in collective on the blades will require a change in applied
torque by the motor controllers. This torque exerts a reaction torque on the aircraft. To mitigate this
issue, the two rotors must be counter rotating. With the pilot only inputting the same collective setting
simultaneously the torque change on both shall counter each other, resulting in no yaw. Secondly, after
a lateral control input, the aircraft rotates, and the thrust has a component in the lateral direction. To
counter this, the aircraft must have an automatic control system that turns the aircraft in the opposite
lateral direction after the sufficient rotation has been achieved. Finally, the longitudinal and lateral cyclic
coupling is mitigated by mixing the controls in the swashplate [103].

To measure the state of the aircraft, a multitude of sensors are required. To measure the velocity of
the aircraft, two pitot tubes are installed on either side of the aircraft near the nose. An angle of attack
sensor is required as well. An Altitude and Heading Reference System is needed to measure the roll,
pitch, and yaw during flight. GPS and radar data is needed as well to understand the heading and global
position of the aircraft. To control the outputs, sensors for the actuators of the forward flight control
surfaces, swashplates and nacelle hinge, as well as the motor controllers, must transmit data to the
computer. This can be seenin section 9.4.

Navigation Control

Navigation control is essential to flight planning. The navigational control serves as additional inputs to
the dynamic control system, apart from the pilot inputs, to reach the correct heading. Route planning
is set before the flight begins based on allowed airspace, optimal distance covered, and velocity dur-
ing flight [105]. The pilot can change waypoints during the cruise in flight. Error in position for control
system guidance is reliant on accurately measuring the state. To do this, an extended Kalman Filter is
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employed to aggregate different data and predictions to more accurately estimate the state [105]. The
combination of the dynamic control and navigation control can be seen in Figure 7.8.
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Figure 7.8: Block diagram of flight control system [105].
7.6 Mass

The mass of the control mechanics hardware must be estimated. The mass of the hydraulic, control
surfaces and required electronics are estimated statistically based on the previous aircraftin the same
weight category [40]. With a safety factor of 1.5 for the mass of the hydraulic system is approximately
175kg. Theweightofthe nacelle swivels are intotal approximately 40 kg [104]. The mass ofthe avionics
are estimatedin section 5.3. The rudder and elevator weights are included in the empennage structural
sizing in section 8.3.

7.7 Validation

The horizontal and vertical empennages are smaller than aircraft of the same class [30]. Although
the surface areas obtained are roughly twice as small than the average reference areas, the area ra-
tio of the horizontal stabiliser over the vertical fin is comparable, resulting in a value of 0.62 against a
value of 0.64 from the references. For the vertical control methods, the systems are comparable to
that of the V-22 and the AWG609. However, as the control system is a critical point of failure in the sys-
tem, it must be rigorously tested in development, especially in consideration of having a single pilot
[106].

Conclusion

The nose gearis placed 3.4 m in front of the centre of gravity and the main landing 0.28 m behind
to provide ground stability and manoeuvrability. For in flight, the control methods of the aircraft
are determined as swashplate and nacelle rotation for vertical control and a T-tail for horizontal
flight control. The empennage is sized for stability and controllability, resulting in the centre of
gravity range from the rotor to 5% of the MAC in front of the centre of gravity. The wing must
be positioned at 34% of the fuselage, from the nose, for optimum stability. The empennage
planform is design as well as the planform control surfaces. The required mechanisms on the
swashplate are described as well as the necessary torque on the nacelle for vertical stability.
Finally, the pilot inputs, of a stick and lever collective, are defined as well as the combination of
the dynamic and navigational control system.
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The main goal of the aerodynamic surfaces is to provide lift, stability and control to the aircraft. To per-
form this task, they have to be connected to the aircraft fuselage and be able to carry the aerodynamic
and static loads encountered during operations. This chapter focuses on the structural sizing of both
the wing and the empennage. First, the operating loads and the structural layout of the component
is described. Furthermore, the structural calculations involved in the sizing process are discussed as
well as verified and validated. Finally, structural weight results will be presented. In section 8.1 the
methodology for analysis is presented, followed by the structural analysis of the main wing structure in
section 8.2 and finally an analysis of the empennage structures is carried outin section 8.3.

8.1 Methodology

8.1.1 Calculations

To analyse the structure of the wing, a few critical structural features were selected. The first feature is
the yield stress in the skin. The stress is skin is calculated using Von Mises stress as a combination of
the bending stress and the shear stress on the skin. The stress taken account for in Von Mises stress

can be seen in the equation
’02 + 672
o, = % (8.1)

Where o, is the direct stress due to bending and 7, is the shear in xz-plane due to torsion and shear
loading. The shear is calculated assuming a symmetrical wing box with shear centre at the middle of
the box and boom idealisation on the stringers in the box. The second critical structural feature is the
buckling stress of the panels due to the stiffener pitch on the skin. The buckling strength considers the
effect of the stiffener width on the effective panel strength. Buckling stress is calculated using equation

- _ (A stiffener T2Wet skin ) (0cc) stiffener T (b—2We)t skin Ocr
CCpanel

8.2
A stiffener +bt skin ( )

where A gifrener 1S the area of a stiffener, w, is the effective sheet width due to stiffenerwidth, (o¢c) gitener
is the crippling stress of the stiffener, b is the stiffener pitch, tg;;, is the thickness of the skin and o, is
the buckling stress of the plate without stiffeners. With an aspect ratio the pitch of the ribs can also be
determined.

8.1.2 \Verification

Verification of the calculations was done by comparing results with hand calculated values for each
function in the code, such as the moment of inertia, boom idealisation and stresses. As well, the code
is fed example structural sizing problems, and the results come out as the example solutions [41].

8.2 Wing Structure

The main wing is the most critical structural member of the aircraft as it provides the load path from the
rotorsto the fuselage in hover, as well as from the lift to the fuselage. Inthe particular case of Futura, the
wing also has to house radiators. The combination of different load cases for different phases of oper-
ation together with the integration with the radiator assembly makes the design of the wing particularly
challenging.

81



82 8. Aerodynamic Surfaces Structures

8.2.1 Design Conditions and Layout

The primary purpose ofthe wing, as mentioned, is to provide aload path foraerodynamic as well as static
loads to the fuselage. Futura uses a cantilever wing that is clamped at the fuselage. The main statics
load carried are the weight of the wing itself, the weight of the nacelle including its sub-components
and the weight of the radiators together with the coolant in the radiators. The main aerodynamic load
in hover is the thrust generated by the rotor while in cruise it is the lift generated by the wing. For the
preliminary structural sizing, the weights in the y-direction (concerning the reference frame of Figure 8.1
and Figure 8.2), as well as torques along x, are taken into account to converge to a preliminary structural
weight. This weight will then be compared to statistics to judge how the sizing approach compares to
previously build wings.

Loads

The loads encountered during hover and supported by the wing are depicted in Figure 8.1 and they
include the radiator, wing and nacelle as well as the thrust generated by the rotors. This loading case
reaches its maximum under gusts loads according to CS-29 with aload factor of up to 3.5 as specified in
section 5.2 [35]. The internal moment at the root can be calculated with Equation 8.3 while the internal
shearis just the sum of forces without arms.

Moo =T- (b/Z) +Whacette: (b/Z) +Wradiator: (b/4) + Wwing ' (b/4) (8-3)

Thrust
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Wing weight
Radiatorweight ircelleweisht ‘

Figure 8.1: Wing loads in hover.

Thesecondloadcase, encounteredincruise, isdepictedin Figure 8.2. Herethethrustfromtherotorisre-
placedbytheliftgenerated bythewing. Theliftdistribution overthe spanhasbeen simplifiedtoalinearlift
distributionup to 75% ofthe span while a triangularlift distributionwas assumed up tothetip[107]. Under
gustloads, according to CS-23 regulation, the load factorin cruise reaches 3.8, as shown in section 5.2.
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Figure 8.2: Wing loads in cruise.
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Layout

The main structure of the wing consists of two boxes that carry all the main loads. The two box config-
uration was chosen as the radiators are placed in the middle of the wing and the skin in this point has to
opentoallow air-flow through the wing. Stringers are placed along the span to provide additional rigidity
and resistance to buckling. Finally, spars are placed along the span to transfer torque loads between
the two boxes and keep the aerodynamic shape of the wing.

Front wing-box Rear wing-box

Open Skin Control Surface

Figure 8.3: Wing structural cross-section.

The hat stringers were chosen to be the most efficient possible in terms of the added moment of inertia
and resistance to buckling. Therefore, a hat stringer was chosen [41]. To simplify and reduce manu-
facturing costs, the same stringer cross-section as used in the tail surfaces was chosen (Figure 8.6).
Finally, as the wing has the same cross-section along the span, it was decided to design a constant-
thickness structure to simplify the manufacturing and the assembly further.

The material selected for the wing is aluminium 2024 T6 (Table 8.1). This decision was taken after a
preliminary analysis showed that composites would lead to a decrease in weight that was not needed
as the aircraft was well below the MTOW. Therefore, the cheapest and easier to recycle aluminium
alloy was selected that was still able to sustain all the loads and remain within the bounds of the MTOW
requirement. It has to be underlined that to use such material, protective coatings against corrosion
have to be applied [41].

8.2.2 Structural Optimisation and Results

As the geometrical layout is given by aerodynamics and systems integration, the three main variables
that influence the structure are the thickness of the spars, the thickness of the skin and stringer pitch.
To calculate the weight of the structural stresses have been analysed according to the methodology
explained in section 8.1 for a combination of these three variables yielding to an optimised final design.
First of all, the critical case has been identified as being the hover phase as this phase induces the
highest internal moments at the root. This is because the aircraft is lifted from the tip of the wing hav-
ing a moment arm of b/2 while at cruise, the effective lift acts closer to the root. If the distributed lift is
q;, and the distribution is rectangular up to 0.75b /2 and triangular until b/2 then the acting arm can be
calculated with a weighted average of the rectangular and triangular distributions tobe at 0.44b /2. The
11% increase in load factor in cruise is lower than the 56% reduction in arm confirming the hover as the
critical phase.

Furthermore, some boundary conditions are imposed for the optimisation.

» The overall von Mises stress in the structure shall not be higher than the yield stress to comply
with the regulation
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» The skin buckling stress should be as close as possible or higher than the bending stress to avoid
buckling and to avoid over-designing the structure for buckling

» The mass should be minimised in the final available design space

Another boundary was set for the spar thickness. This is done because from a theoretical point of view
having only skin and no spar would generate a higher moment of inertia but would not be able to give
structural support to the radiators, control surfaces and the hinge mechanism of the nacelle. Thus the
sparthickness was limited to the skin thickness to reduce further the manufacturing costs as aluminium
panels of the same thickness can be used for most of the wing structure.

The optimisation solution space is represented in Figure 8.4 and clearly shows how the bending stress
attherootincreases with decreasing thickness and increasing stringer pitch due to the lower moment of
inertia. The oppositeistrue forthe buckling stress ofthe skin panel asthicker skin, and more stringersim-
provethebearableloadbefore buckling. Finally, the optimumweight ofthe wing-box structureisfound at
around 161.38 kg with the structure bearing 213 MPa of von Mises stresses due to internal moment and
shear at the root. Furthermore, with a skin and spar thickness of 2.7 mm and a stringer pitch of 16.78cm
bending stress of 242 MPa and buckling strength of 243 MPa are reached. From these values, we un-
derstand thatthe critical failure mode of the wingis buckling near the root as both von Mises and bending
stressesarelowerthantheyield stress. Ontop ofthis, the weight ofthe ribs has been estimated by taking
the cross-sectional area of the wing and a span-wise pitch of 0.5 meters from similar aircraft represen-
tation to be 41.7 kg for a total of 10 ribs per half wing [108]. Finally, the weight of the opening skin with a
thickness of 1.5 mm was calculated to be 38.97 kg yielding a total wing structural weight of 241.85 kg.
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Figure 8.4: Wing structure optimisation design space with final result.

8.2.3 \Validation

To validate the results, the final weight was compared to empirical class Il weight estimation methods
based on statistics as found in Roskam [40]. As can be seen in Figure 8.5, the weight of Futura’s wing
is 41% higherthan the average of comparable wings of traditional aircraft. The main reason is because
of the higher stresses in the structure under maximum load in hover as well as the double wing box
structure that has a lower structural efficiency than a continuous one.
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Figure 8.5: Wing weight comparison with empirical design methods.

8.3 Empennage Structure

To sustain the stabilising aerodynamic loads during flight while achieving an adequate mass, a struc-
tural analysis of the empennage structures is completed for both the vertical and horizontal stabilisers.
Hence the cross-section of the wing box is designed for skin thickness and stiffener pitch.

8.3.1 Stiffeners

The stiffeners chosen for both the vertical and horizontal stabilisers are the same. Hat stringers were
chosen for their ability to resist torsion and their large effective width in reducing buckling stress. The
dimension of the stiffener can be seen in Figure 8.6. The dimensions were chosen to be minimal to
reduce the mass of the wing box, yet maintain structural integrity.

1.5

15

Figure 8.6: Stiffener Cross-section in mm.

8.3.2 Horizontal Empennage

The platform design of the horizontal empennage is described in subsection 7.4.1. With this, the loads
acting on the surface can be approximated, and the structural analysis carried out.
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Loads

Two types of load act on the horizontal stabiliser during flight, namely a torsional load and the lift. The
torque acting on the wing cross section is computed assuming that all the loads are carried by a rectan-
gular shaped torsional box, having a height and width of 0.057 m and 0.389 m respectively. Such box
extends from the front spar located at 25% of the cord until the rear spar which is placed at the elevator
location, namely at 73% ofthe cord chapter 8. The shear centre of the sectionis therefore approximated
at the centre of the rectangular box, the point about which the torque is calculated. For symmetric air-
foils, a good approximation of the aerodynamic centre through which the lift acts is at 25% of the cord.
Hence, anarm of 0.1945 m is obtained. Having defined a lift of 4485 N based on a maximum load factor
of 3.8 as established in section 5.2, a torque of 585 Nm is consequently found. Furthermore, given the
rectangular planform geometry defined in subsection 7.4.1 the lift is homogeneously distributed along
the span and the cord of the horizontal stabiliser.

Materials

Different materials were considered for the structure of the empennage based on previous aircraft. The
main materials considered are Aluminium 2024 T6, Aluminium 7075 T6 and Carbon Fibre Reinforced
Polymer. For structural calculations, Young’'s modulus is needed for bending stress, and the Shear
Modulus is needed for shear. For analysis of the best materials, yield strength was not considered
because the maximum Von Mises stresses in the skin were far below the yield strength for any mate-
rial. Therefore, the material was chosen based on its density and price. Of the three Aluminium 2024
T6 is the least expensive for a volume of the material. Although Carbon Fibre Reinforced Polymer is
much lighter, it performs worse in terms of price and sustainability; end-of-life processes for carbon
fibre are less effective. As our design is not too constrained by mass considerations, Aluminium 2024
was selected as the material. Aluminium 2024 boasts good end-of-life solutions as well as good fatigue
properties, making it ideal to satisfy the availability requirement by reducing the chance for unplanned
maintenance. The material properties can be seenin Table 8.1. It has to be underlined that to use such
material, protective coatings against corrosion have to be applied [41].

Table 8.1: Aluminium 2024 T-3 Properties [9].

Young’s Modulus [GPa] | 73.1 | Yield Strength[MPa] | 360
Shear Modulus [GPa] | 28.5 Density [kgm 3] 2780
Poisson’s Ratio [-] 0.33 Price [$\kg] 2.16

Design Point

The design point of the horizontal stabiliser was chosen to reduce the mass of the cross-section yet
maintain sufficient structural integrity. However, because the stress generated at limit loads caused
stresses in the skin that did not constrain, the design point was chosen based on validation with other
aircraft empennage. In Figure 8.7, the different design criteria for varying skin thickness and stiffener
pitch are shown.
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Figure 8.7: Structural properties of the horizontal stabiliser for varying skin thickness and stiffener pitch.

Thefinaldesign pointwas chosen as askinthickness of 1.5 mm, astiffener pitch of 130 mm and arib pitch
of 330 mm. The rib pitch was found by assuming an aspect ratio of 3 for the skin panels given the sup-
ported nature of the panel [41]. This gives a cross-sectional area of the wing box of 0.0025 mm resulting
in a mass for the wing box of 34 kg with a 1.5 safety factor. Accounting for the skin, ribs and actuator
hingesintherest ofthe wing section the total massis 75 kg. The cross-section canbe seenin Figure 8.8.
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Figure 8.8: Cross-section of horizontal stabiliser.

8.3.3 Vertical Stabiliser

The platform design of the vertical empennage is described in subsection 7.4.1. With this, the loads act-
ing on the surface can be approximated, and the structural analysis carried out. The material analysis
for the vertical stabiliser is the same as the horizontal stabiliser.

Loads

The torsional load and lift acting on the vertical stabiliser are determined with the same approach as de-
scribedin section 8.3.2. However, the torsional loads on the vertical fin are indeed calculated assuming
arectangular wing box extending from 25% to 58.5% of the cord, therefore resulting in a torsional wing
box length and height of 0.395 m and 0.094 m respectively. The load case taken into account for the
structural sizing of the horizontal stabiliser follows from the vertical fin sizing process as described in
subsection 7.3.4 and is therefore based on the aircraft stalling conditions. Approximating the point of
application of the resultant lift vector to 25% of the vertical fin cord and 50% of the span a torsional load
of 515 Nm and aliftof 1763 N can be determined.
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Design Point

The design point of the vertical stabiliser was chosen to reduce the mass of the cross-section yet main-
tain sufficient structural integrity. However, because the stress generated atlimitloads caused stresses
in the skin thatdid not constrain, the design pointwas chosen based on validation with other aircraftem-
pennage. InFigure 8.9, we see the different design criteria for varying skin thickness and stiffener pitch.
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Figure 8.9: Structural properties of the horizontal stabiliser for varying skin thickness and stiffener pitch.

The final design point was chosen as a thickness of 1.5 mm, a stiffener pitch of 131 mm and a rib pitch
of 344 mm resulting in 3 ribs. This gives a cross-sectional area of 0.0031 m? over the length of the span
resulting in a mass for the wing box of 18 kg. Accounting for the skin and actuator hinges in the rest of
the wing section the total mass is 43 kg. The cross-section can be seenin Figure 8.10.
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Figure 8.10: Cross-section of vertical stabiliser.

8.3.4 \Validation

Statistical estimation puts the total mass of the vertical and horizontal stabilisers at 72 kg. The value
for this design is larger by 46 kg [40]. The reason for this larger value is mainly due to the configu-
ration. No taper was used for either the vertical tail or the horizontal tail meaning the mass must be
larger than the average twin-propeller engine without a T-tail. Also, the presence of a T-tail required the
safety factor of 1.5 to avoid flutter in flight. The structural analysis of the empennage must be further
validated in testing both structurally with load tests, and aerodynamically with flutter tests in a wind-
tunnel.

For what concerns the surface area values obtained in section 7.3 and subsection 7.4.1 for the hori-
zontal and vertical stabiliser, validation is possible by mean of comparison with reference aircraft data
as reported in [30]. Itis concluded that, although the surface areas obtained are roughly twice as small
than the average reference areas, the area ratio of the horizontal stabiliser over the vertical fin is com-
parable, resulting in a value of 0.62 against a value of 0.64 from the references. Similar conclusions
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can be drawn when comparing the elevator over horizontal tail area ratio and the rudder over vertical
finarearatio, resulting in values of 0.27 and 0.41 respectively against values of 0.32 and 0.415 derived
from [30].

Conclusion

The wing will have a double wing box structure to allow the integration with other systems. Ithas
four spars, stringers and ribs that support the radiators as well as torque transfer between the
wing boxes. The critical load case is reached at a load factor of 3.4 in hover. Using aluminium
2024 T3, the structural weight of the wing reaches an optimum at 241.85kg. The wing is
comparably heavier than traditional aircraft because of the wing box layout and load case
encountered. The empennage members are not constrained by the structural loads imposed
on them. Therefore, their weight can be minimised, which results in 75 kg for the horizontal
stabiliser and 43 kg for the vertical stabiliser.




9. Interface Integration

In this chapter the interface integration of all the systems designed in the previous chapteris presented.
First, after all the systems have been designed, the final external layout is presented in section 9.1.
Then the results of the iteration tool is outlined presenting the value of the MTOW it converges to. After
that the communication flow diagram and hardware and data diagram are presented to show how the
systems will communicate and data will be exchanged in section 9.3 and section 9.4. Eventually the
mass and power budgets are presented in section 9.6 and section 9.7.

9.1 Futura’s Layout

Firstly an overall view of Futura is shown in Figure 9.1.
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Figure 9.1: Overall Futura’s configuration.

An exploded view of the fuselage is also shown in Figure 9.2 in order to show how the subsystems are
placed within the aircraft.
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Figure 9.2: Fuselage exploded view.

Figure 9.2, however, is not enough to give all the details on how subsystems interfaces are placed.
Hence, an exploded view of the nacelle assembly is presented in Figure 9.3.
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Figure 9.3: Nacelle assembly exploded view.

Motor Controllers

In particular, Figure 9.3 shows the rotor assembly components.
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9.2 Mass Convergence

The design of the system, as described in section 3.4, requires an iteration through the different sub-
systems to find a mass that the aircraft settles at. The main aspect of the iteration is the change of the
wing area due to a change in MTOW, this, in turn, reduces the wingspan, constraining the rotor size,
changing the power required throughout the flight. The largest weight change due to this is in the power
plant system, which must supply a different amount of power and energy over the flight. This finally
changes the weight of the wing as the loading case changes. The iteration begins assuming a MTOW
of 4000 kg and changes from there summing up component weights of the different subsystems. The
convergence in the mass can be seen over 11 iterations to a final value of 3925 kg.
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Figure 9.4: System mass convergence over convergence.

9.3 Communication Flow Diagram

The communication flow diagram presented in Figure 9.5 shows the flow of data through the system
components and to/from its external environment, it contains all the elements that are part of the com-
munication chain and represents data or command flows between them as arrows. Itis possible to see
in the figure thatthe communication flow diagram includes two main elements, the airport infrastructure
(the yellow box) and the Futura aircraft (everything else). The airport includes air traffic control (ATC)
as fundamental components, while the Futura aircraft includes the pilot and the flight computer. The
sensors, flight controls, power plant, cabin equipment, and avionics are included in Futura. Each of
this component/ subsystem of the aircraft is connected and communicate through the flight computer,
which elaborates the datacomingto and fromthem. Forexample, when the pilotmoves the flight control
commands, these are not directly connected to the control surfaces with mechanical cables. Indeed,
the movement of the flight controls from the cockpit are converted into electronic signals by the flight
computer and then transmitted by wires to the actuators that perform the movement of each control
surfaces. This system is called fly-by-wire that in Futura is replacing the mechanical flight control sys-
tem that uses cables and pulleys to transmit the pilot inputs to the control surfaces. From this diagram,
it is possible to notice that the communication between all the components of the subsystems inside
Futura but also with the elements in the external environment are fundamental for the correct and safe
performance of the designed mission.
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Figure 9.5: Communication flow diagram.

9.4 Hardware and Data Diagram

The aircraft has a multitude of data to handle in order to complete a mission successfully. Data is sent
from hardware to the flight computer, and relevant data is sent back. The system can be seen in Fig-
ure 9.6. The main sections of the hardware of the aircraft are State Measurement, Aircraft Dynamic
Control, Power plant Environment, Communications, and Cabin Busbar. State measurement contains
the hardware used to measure the currentenvironmental and dynamic state the aircraftis experiencing,
including orientation, location, and atmospheric conditions. It also includes the display of this data to
the pilot. Aircraft Dynamic Control contains all the actuated parts of the aircraft by either the pilot control
input or control system automatic output. Included in this section are the pilot inputs on both the stick
andthe collective lever, the state and hydraulic actuation of different control surfaces and mechanisms,
and the control of the motors for torque. The motor controller is in the loop with a quadrature encoder
to measure the state of the propeller rotation accurately. The power plant environment controls and
measures the state of the different power is supplying and managing units, including the fuel cell, com-
pressors, radiators, and batteries. It is controlled by the charge load controller to ensure that voltage
loads are safe for different electric components. For communications, two radio systems are used, a
transponder and ADS-B data receiver and transmitter. The cabin busbar is connected by a solenoid to
ensure the system can be restarted and manages the power usage in the cabin. Finally, the black box
stores all relevant flight data.
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Figure 9.6: Hardware and data handling diagram.
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9.5 Sensitivity Analysis

To ensure the actual feasibility of the design, the assumptions made while estimating different values
or parameters need to be examined. If this analysis is not performed, some mayor setbacks that may
be encountered when further developing the project may bring the design to an unacceptable position,
where the top level requirements are not met anymore. For example, if the mass of a given component
was underestimated, and the added weight results in a MTOW over 4000 kg, the design would not be
feasible anymore. With a rigorous analysis of the assumptions made, and the validity of the methods
and theories used, one is able to predict the different setbacks that will be encountered in the further
development of the report, and assess their severity.

As the MTOW atwhich the aircraft converged is so close to the 4000 kg, changes in the mass can easily
drive the aircraft over the requirement. Therefore, the assumptions for weight saving due to new mate-
rials and manufacturing techniques will be studied and tested for robustness. This will be performed on
two subsystems: the fuselage mass and the propeller mass.

9.5.1 Fuselage Mass

At this stage of the design, the mass of the fuselage had to be estimated based on reference aircraft.
Duetothe similardimensions, itwas assessed thatits weight should also resemble that of the reference
aircraft. Furthermore, an initial estimate of 15% weight reduction was applied, derived from the use
of new materials such as composites and new manufacturing techniques like additive manufacturing,
was deemed reasonable. Atthe same time, all of the reference aircraft presented a pressurised cabin.
Since Futuradoes not use a pressurised cabin, the weight of the fuselage is expected to be lower than
the reference value of 327 kg. The lifting body nature of the fuselage, however, may compromise this
weight save and counterbalance the non-pressurised cabin. Different possible scenarios are contem-
plated were the weight save reduction is decreased from 15% to 0%. The MTOW associated with each
of these different weight saving estimated is reflected in Figure 9.7.

As it can be seen in the figure, the MTOW only goes beyond the 4000 kg when the weight reduction
factorislessthan 2%. With the inclusion of the new technology and nothaving to pressurise the cabin, a
worst-case scenario of only 10% weight reduction compared to reference aircraft is contemplated, en-
suringanincreaseinthe weight of the fuselage will notdrive the design beyond the top level requirement
of maximum MTOW.
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Figure 9.7: MTOW for different fuselage weight saving factors.
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9.5.2 Blade Mass

The second elementworth considering is the rotor. Contrary to the fuselage, the rotors are sized based
on empirical relations. Due to the optimisation performed in the rotor design, a small value of solidity
was obtained, what translates to a small blade surface area. Since the rotor solidity value obtained in
the optimisation is rarely used in rotorcraft, the empirical formulas employed may not fully apply, and a
heavier structure may be necessary. Once more, the empirical formulas used were developed before
the commercial introduction of composites into the rotorcraft design. To these formulas a weight reduc-
tion factor was applied of 15% due to the use of composites. New materials and new manufacturing
techniques have contributed in the past to decrease the weight of rotor blades, and therefore will be
used in this design as well. To assess the importance of a possible weight increase due to the novel
shape of the blades, the MTOW is shown, in Figure 9.8, as a function of the weight decrease from the
parametric estimate to the actual blade used inthe design. The changein MTOW due to a changeinthe
weight of the blades is so small, that the blades would need to be 15% heavier than the estimated value
for the MTOW to exceed the 4000 kg limit. An weight save of up to 1.1% of the MTOW can be derived
from the implementation of composite materials [109]. Since the estimation does not account for new
materials, such a big increase is deemed not realistic.
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Figure 9.8: MTOW for different rotor weight saving factors.

The potential change in MTOW due to a change in component weight was assessed. The two main
components analysed were the fuselage and the blade. For all of the design, the weights of the different
components have been calculated based on sizing. For these two components, their weights were
estimated based on empirical relationships (blades) and reference aircraft (fuselage), and no actual
sizing was performed. These two elements were deemed as most critical and its change in weight was
studied. It was found that even if significant component weight change occurs, the design still meets
the 4000 kg MTOW requirement.
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9.6 Mass Budget

Once all the subsystems were designed, it is essential to ensure that the sum of all the components
does not jeopardise the ability to respect the requirement regarding MTOW. For this reason, a mass
breakdown of the aircraft systems’ and subsystems’ masses is presented below.

Table 9.1: Futura mass budget.

System \ Subsystem Mass [kg]
Fuselage 278.0
Radar Antenna 3.6
Air Conditioning | 69.5
. . Avionics 72.0
Fixed Equipment | —=r o e ol 1 80.6
Furnishing 225.0
Hydraulics 175.0
Propeller Rotors 110.6
Hub and Shaft 205.9
Electric motor 128.0
Nacelle Motor controller 49.0
Gearbox 266.0
Tilt Mechanism 40.0
Wing 241.9
Main Landing Gear 122.6
Nose Landing Gear 50.5
Battery Pack 228
Tank Inner Wall 7.5
Tank Outer Wall 13.8
Tank MLI Shield | 2.6
Tank MLI Spacer | 1.7
Power Plant Fuel Cell 168.0
Radiators 201.0
DC/DC converter | 9.6
DC/DC Bus 32.0
Compressor 6.3
Vertical Tail 43.0
Horizontal Tail 75.0
Pilot 100.0
Fuel 18.7
MTOW-Payload 30254

The estimation of each component’s mass is derived and explained in their respective chapters. The
MTOW of Futura excluding the payload shall not exceed 3100 kg as Futura-TECH-VCM-5 and Futura-
TECH-VCM-6 establish. As it can be seen in Table 9.1 the OEW of the aircraft plus the mass of the
fuel is 3025.4 kg. The current mass estimation could go change as the design progresses. In order
to take account of this possible variation in mass, a contingency value of 15% can be applied to the
systems which are most sensible to future engineering analysis and design choices [5]. Thisis the case
of the fuselage and the rotors whose detailed structural analysis was not addressed in this report. By
applying a conservative 15% increase in mass for this two systems, the MTOW excluding the payload
can increase up to a value of 3155.2 kg. In this case Futura-TECH-VCM-5 will not be achieved. The
risk of not achieving such requirementin the future, however, can be mitigated: a compromise between
materials like aluminium that are more attractive from a sustainable point of view and composites, cur-
rently used marginally in the aircraft, with excellent specific properties will allow the team to respect the
requirements in the next phases of the design too.
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9.7 Power Budget

In this section the power budget of the aircraft is defined. Table 9.2 shows that the combination of the
fuel cell and batteries can provide the power needed to drive the propellers at all times, but also the
necessary power to power the electrical systems and the hydraulics systems systems.

Table 9.2: Futura’s power budget.

System Power [kW]
Max power 1096.60
Electrical System 4.90
Hydraulics 5.92
Radiator Pump 0.50
Compressor 8.00
Total 1115.92

Asitcanbeseenbyaddingthe powertodrive the hydraulicsandtheelectrical systemsintheaircrafttothe
maximum power that has to be achieved during flight a total power required on 1115.92 kW is found. All
the components of the power can be retrieved in chapter 6; the compressor and radiators power ratings
were found respectively fromthe components characteristics [53, 88]. Thisvalueislowerthan 1394 kW,
beingthe total powerwhichthe powerplantcan providein afully reliable manneras outlined in chapter6.
Itisimportant to state thatif the mass ofthe aircraft would increase in future designs, the power required
by the aircraft is going to increase as well. In this sense the most sensitive component of the power is
the power required for flight, while those ones for the electrical and hydraulic systems are not likely to
increase contributing to a very small proportion of the total power.

9.8 Compliance Matrix

The requirements compliance matrix presented below in Table 9.3 contains all the Futura main require-
ments analyzed duringthe entire design phases andalready presentedinsection 3.1. ltwas decided not
toputallthe requirements thatwe establish during the first phase of the design since the majority of them
donotapply to the final design. Infact, they are based on different and configurations (wing-embedded
and compound coaxial helicopter) and different types of subsystem, for example regarding power plant
(turbines). Instead, all the customer requirements and the primary requirements based on these are
listed. Itindicates whether or not the requirements are met. The table includes five columns, in the first
two columns, the requirement identifier, and the actual requirements are stated. In the third column,
the compliance of the requirements are checked, and the status is indicated. Indeed, the tick symbol
(V)with the green cell suggests that the aircraft complies with the requirement, while the cross mark (X)
with the red cell means that it does not comply with the requirements. Finally, in the fourth column, allthe
relevant sections, where the requirement is treated, are presented. As itis possible to see in the table
all the requirements are met, the only requirement that is not met is Futura-CONS-RES-1, the reasons
behind this missed compliance are presented in subsection 12.1.3.
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Table 9.3: Driving requirements compliance matrix.

Identifier Requirement Compliance Section
Futura-TECH-VCM-1 Therange shall be atleast 200 km. section 4.2
Futura-TECH-VCM-2 | The maximum speed shall be 400 kmh~1. section 4.2
Futura-TECH-VCM-3 | The cruise speed shall be atleast 350 kmh™I. section4.2

Futura shall achieve vertical take-off and landing .
Futura-TECH-VCM-4 (VTOL) capabilities. section 4.5
Futura-TECH-VCM-5 | The payload shall be atleast 900 kg. section 9.6

The maximum take-off weight (MTOW) .
Futura-TECH-VCM-6 shall not exceed 4000 kg. section 9.6
Futura-TECH-VCM-7 | The service ceiling shall be of atleast 1500 m. section 4.2
Futura-TECH-VCM-8 Futura shall have, at maximum, a 1 h turnaround time. section4.6

Futura shall have 90% availability, by considering
Futura-TECH-VCM-9 | thetime required for other scheduled and unscheduled
maintenance.

Futura-TECH-VCS-3 Futura shall use hydrogen as source of energy.
Futura-CONS-RES-1 The design and manufacturing_c_ost of the first
prototype shall not exceed 2 million €.
Futura-CONS-RES-3 | The cost of refuelling a full tank shall not exceed 345 €.

subsection 13.1.2

chapter 6

subsection 12.1.3

section 4.4/subsection 4.3.4

< <<I< < << < |<|] < [<I<I<

Futura-CONS-SUS-5 | Futura shall not produce any emissions other than water. chapter 6
All parts shall be assigned a sustainable end-of-life
Futura-CONS-SUS-12 | (EOL) solution among reuse, re-manufacturing, section 11.4

recycling or downcycling.

Conclusion

The design iterations led the team to obtain the conceptual design of an aircraft with a total mass
of 3025.4 kg. This value is within the required one as established by the customer. However,
in further design iteration, the structural design of the fuselage could lead to an increase of the
total mass up to 3155.2 kg. The result of the conceptual design shows that the power plant,
the propulsion and the fuselage and cabin design can be integrated. Futura’s power plant, in
particular, can deliver enough power for all critical flight conditions. The communication flow
diagram and hardware and data diagram have shown that a fly-by-wire system would be able to
connect and communicate with all the aircraft systems. Eventually, the compliance matrix has
highlighted that all requirements have been met except for the prototype cost which exceeds the
required one by the customer.
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In chapter 9 itis shown how the different systems came together in one aircraft without specifying how
the different elements of the design are produced. In this chapter, the characteristics of the production
plan of Futura are discussed. In section 10.1 the characteristics of the production plant are discussed,
specifying which subsystems are produced internally and which ones are manufactured. The risks
associated with such a manufacturing organisation are evaluated too. In section 10.2 the material de-
composition of the aircraft is presented and section 10.3 the related manufacturing techniques needed
to produce the different systems are presented as well. Eventually, the assembly techniques and as-
sembly plan are presented in section 10.4.

10.1 Production Organisation and Risks

In chapter 9, the integration of the systems and subsystems in the aircraft are presented. Some of the
systems are produced and manufactured in-house while others are going to be purchased and installed
only inthe assembly line.

The production of Futura has been developed according to the lean manufacturing philosophy. As a
consequence, the manufacturing of the aircraft will be as integral and centralised as possible. The
central systems’ components that will be manufactured in the factory’s workshops are structural. The
airframe, the wing, and the empennage structural parts will be produced in the factories’ workshops.
Spars, stringers, ribs, or skin panels will be manufactured ad hoc for Futura. In these processes, half -
products are going to be transformed into essential structural components using one or multiple of the
manufacturingtechniques presentedin section 10.3. While mostofthe production ofhalf-products such
bulk aluminum parts or sheets for the skin are not going to occurin workshops close to the assembly line,
subparts such as ribs and spars will be. The optimized aerodynamic design of the fuselage requires
the adoption of non-traditional jigs which will be produced specially for such a purpose. The manufac-
turing of such elements close to the assembly line will eliminate any transport cost and waste during
the production, according to the lean manufacturing philosophy [110]. Not only the airframe structure
but also some of the interiors will be manufactured in specialised workshops. Futura is a particularly
sustainable vehicle: its interior materials will have to follow customised manufacturing processes. The
landing gear retraction mechanism and strut will be manufactured in the factories workshops as well
as the composite rotor blades. Eventually, the core of the power plant system, namely the hydrogen
fuel tank, will also be produced in the factory’s workshops, close to the assembly line. This will allow
to build a tank with a high safety standard without relying on other-party manufacturing processes.
Such a process will require many different manufacturing techniques and specialised training for work-
ers.

For what concerns the components which are purchased, it is essential to specify that raw materials
and half products are going to be bought by other firms. This includes aluminium, steel alloys, titanium,
composites resin and fibre, and many others as outlined in section 10.2. Then, many ofthe joining parts
needed in the assembly such as bolts, rivets, nuts or bonding adhesives will be purchased from spe-
cialised producers unless peculiar pieces have to be produced ad hoc. Eventually, most components
ofthe power plant system must be purchased from external parties: batteries, electric motors, gearbox,
DC-DC converters, motor controllers, and radiators. Itis essential to highlight that the batteries that Fu-
tura will mount are not developed yet. Eventually, most of the instrumentation, avionics, and electrical
systems will also be purchased by external parties.
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This manufacturing plan includes certain risks. If following the lean manufacturing process will ensure
an efficient production process, the starting cost to obtain such an integrated manufacturing plant with
workshops close the assembly line could be very high. This could discourage investors and decrease
the chances for the aircraft to be successful. Additionally, the staff training needed to assemble new
systems such as the lifting body fuselage or the power plant could potentially increase the delivery time
and slow down the production rate with repercussions on the profits. Eventually, even though the tech-
nology to produce batteries has already been proven, as mentioned in chapter 6, production facilities
that manufacture such batteries are not present yet. Hence on this matter, a strategy will have to be
thought in the post-DSE activities as explained in chapter 14. It can be concluded that the risks men-
tioned above can be mitigated in the later stages of the design; in fact, they will be dependent on the
outcome of the development phase of the aircraft as explained in chapter 14.

10.2 Materials Break-down

Before analysing the manufacturing techniques needed to produce the most important parts of the air-
craft, itis necessary to present its materials, since the manufacturing techniques depend directly from
them.

The choice of the different materials has been treated throughout the design of the different subsys-
tems. It has to be specified, however, that to select the different materials for the fuselage, its body has
been divided into five different subsystems: the frame, the floor, the skin panels, the interiors, and the
glass window. The proportions are based on typical Roskam estimations [40]; hence, variations in the
actual mass of material that will be used for each subsystem will happen in the next design iterations.
Figure 10.1 presents the proportion of each material used in the aircraftin terms of mass. Software CES
did not only allow to obtain the required mass of materials before the manufacturing process, butalso to
produce the necessary manufacturing techniques and sustainability of the process as outlined in sec-
tion 10.3 and chapter 11 [9]. According to Jos Sinke (personal communication, June 12, 2019), 33% of
the original material is scrapped on average by secondary processes. Hence a 33% scrap material has
beenusedtocomeupwithatotalmaterialmassof3473kg. Thisvalueislikelytobeunderestimatedsince
some componentshave notyetbeen considered asthis material break-downis stillataconceptuallevel.

Titanium, Ti-6Al-4V, annealed
Titanium, Ti-6AI-4V, aged
Styrene butadiene rubber

Polyimide carbon fiber, woven prepreg
Polyethylene terephthalate foam
PA410
Magnesium, Elektron ZW3, F
Low alloy steel, AISI 4340
Leather
Glass, E grade
E-glass fiber, woven prepreg
Copper-nickel alloy, C64700
Carbon steel, AlSI 1080, annealed
Aluminum-polyethylene sandwich
Aluminum, 7075, T73
Aluminum, 2024, T6
Aluminum, 2024, T36
Aluminum, 2024, T3
Alumino silicate - 1720
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Figure 10.1: Futura’s material break-down.

Figure 10.1 shows that Aluminium 2024 T6 is the most used materialin Futura. The advantages thatthe
use ofthis material brings, come atthe expense of using coatings to avoid corrosion as explainedin sec-
tion 8.2 and section 8.3. Additionally, in order to apply such coatings, particular mechanical polishing
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haveto be performedin orderto ensure the coating effectiveness[111]. Itcan also be seen that compos-
ites have a crucial role in the aircraft blades and fuselage floor even though their percentage on the total
is low. Another material which stands out in the break-down is leather: for the cabin interiors, recycled
leather will be used. Itisimportant to notice that the use of Ecopaxx (PA410) for the interiors means that
3% of the total weight is made by a completely renewable material and not a thermoset plastic which
is typically used for the fuselage interiors. There is a presence of Copper Nickel alloy too as this is the
material used for the electrical cabling used in Futura, but its proportion is rather small as it can be seen
inFigure 10.1. Additionally, the relatively extensive use of Aluminosilicate 1720 for the fuselage window
could greatly reduce the mass in the next design iterations. Eventually, the contribution of titanium can
be seen in the aircraft joints whose percentage of the total mass of the aircraft is 2-4%, according to Jos
Sinke (personal communication, June 17, 2019), but also from the propeller hub whose contribution to
the weight of the aircraft is of about 18 % as can be seen in Figure 10.1. Different materials have been
considered for joints on top of Titanium: Carbon Steel AISI 1080 annealed and aluminum 2024 T3 have
alsobeentakeninto considerationinthe analysis. Itisimportantto specify thatthe material break-down
currently, does notinclude all the materials that are contained in purchased products, butitonly includes
the material of the components that are manufactured in the factory’s workshops. However, this mate-
rial break-down summary provides the base to outline the environmentalimpact that the manufacturing
process will produce as shown in section 11.1.

10.3 Manufacturing Techniques

The dominant material for the airframe structure is aluminium. To make ribs, spars and the fuselage
shell extrusion is going to be essential. Also, roll forming is going to be needed to manufacture the
fuselage panels which are going to be placed on top of the fuselage ribs and longerons. Fine machining
and cutting and trimming will be complementary to the manufacturing process of aluminum. Additive
manufacturing techniques such as metal powderforming willbe used forthe aluminum sandwich panels
placedinthefuselage. Also, the sametechniquesappliedto polymermolding willbe applied to Ecopaxx,
the recyclable plastic used for the fuselage’s interiors. For what concerns the manufacturing of the
propeller blades skin and core, Polymide Carbon Fiber woven prepreg bi-axial layup is going to be
shaped using vacuum assisted resin infusion while Epoxy glass fiber is woven prepreg bi-axial layup
usedforthe coreisgoingtobe moldedintheautoclave. Thenmanufacturingthe hydrogentankisgoingto
be performed with simple roll forming for what concerns the outer and innerwall. Eventually forging and
casting are going to be necessary respectively to manufacture the landing gear and the propeller hub.

10.4 Assembly Techniques and Assembly Plan

The assembly line of Futura is pivotal to have an efficient production while keeping the costs low. The
manufacturing line is going to be divided into mounting and manufacturing divisions.

Mounting divisions include all the parts necessary for the use of the aircraft which can be removed such
as propeller blades, doors, flaperons. Manufacturing divisions include all the structural components
and systems which are an integral part of Futura and cannot be substituted. The Figure 10.2 shows the
order in which major subsystems are assembled as well the time it takes to assemble the subsystems
in different stations. Some of the activities are performed in series; for example, the fuselage has to be
placedinthejigto mountthe empennage and the mainwing box. Otheractivities are performedin paral-
lel; Figure 10.2 shows that the propulsion units are assembled while the empennage and the main wing
boxareinstalledinthe fuselage. The assembly of Futurais based onthe combination of rigid andflexible
parts. Forexample, theflexible double curved parts dominating the lifting body fuselage willbe mounted
tothe airframe fuselage structure. Complexjigs will be usedin the assembly of Futura due to the innova-
tive lifting body fuselage. This means that the cost of the jigs will be higher, butin terms of maintenance,
less calibration will be needed. Using a series of simpler jigs would increase the maintenance cost of
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suchtools[112]. The assembly of Futura allows to deliver one aircraftevery 28 days. Such deliverytime
was established based on the return on investment needed to make the profitable program chapter 12.
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Figure 10.2: Assembly plan.

Futura’s production planis fundamentalto ensure the sustainability ofthe aircraft also from a prof-
itability point of view. For this reason, the production manufacturing plan has been envisioned to
be a centralised factory in which workshops are extremely close to the assembly line following
the lean manufacturing philosophy. The material break-down of the manufactured components
showed a dominance of the certain metal alloys: aluminum 2024 and Titanium TI-6Al. Compos-
ites donotplay amajorrolein Futura, exceptin the rotors and on the fuselage floor. The manufac-
turing plan has been thought to have a delivery time that would lead to the return of investment.
Eventually, it is important to mention that, because the design is particularly innovative new pro-
duction jigs and several manufacturing techniques are going to be needed: this will increase the
initial training cost for the workers and the initial investment to obtain the production plant.




11, Sustainable
Development Implementation

The implementation of the sustainable development strategy is detailed in this chapter. Environmental
and societalimpacts at all stages of Futura’s life are evaluated. Environmentalimpacts are assessedin
terms of equivalent CO, emissions, representing all greenhouse gas emissions into one variable (here-
inafter referred to as CO, emissions). Societal impactis assessed in terms of energy consumption, as
finite amounts of produced energy are shared among all individuals.

Theseimpacts are evaluatedforthe production ofthe aircraftin section 11.1, both looking atraw material
extractionand manufacturing. Theimpacts offuelrefuellinganddelivery areinvestigatedin section 11.2
for a single tank refill and battery recharge. Noise emissions are discussed in section 11.3, and espe-
cially further steps to be taken to ensure compliance with regulations. For each material, an End-of-Life
solution is assigned in section 11.4. The potential savings in CO, emissions and energy from material
recycling are calculated tounderscore the high recyclability of Futura. Lastly, the sustainability of Futura
is evaluated over its entire lifetime by way of a Life Cycle Assessment in section 11.5. To highlight the
high sustainability of Futura, itis compared to its main competitor, the H145.

11.1 Production

Production, encompassing material extraction and manufacturing, generates large amounts of green-
house gases and consume a substantial amount of energy. This section discusses the efforts toreduce
this environmental and societal impact and explains the method to quantify them.

Raw material extraction is reduced by using recycled materials for various components. This is espe-
cially the case for metals, for which an industry-wide "typical” recycled contentis used. A specific value
foreach metalis obtained from the material selection software CES Edupack[9]. Otherraw material us-
age reductions come from using recycled leather for seats, as recentinnovations have shown high-end
applications of such material.! Lastly, a bio-based polymer is used for cabin interiors to reduce fossil
fuel consumption for polymer synthesis.?

For manufacturing, a philosophy focused on minimising waste is adopted as laid-out in section 10.1.
By having manufacturing workshops close to the assembly line, transportation is reduced. It should be
noted, however, thatthere exists little freedom in choosing a manufacturing process for a given material
and design. Sustainability is therefore ensured in the manufacturing organisation rather than in the
processes themselves.

The CO, emissions and energy consumption associated with production are directly estimated with
the material-selection software CES Edupack, used for the material breakdown [9]. These calculations
take into account, on the one hand, the environmental impact savings from using recycled materials.
Onthe other hand, material waste during manufacturing (e.g. trimming and cutting) increases resource
use by approximately 33% according to section 10.2.

The total impact is, however, difficult to estimate as the material of bought parts cannot be tracked ac-
curately. As only about 50% of the OEW has been assigned a specific material, the rest of the mass
is divided by typical aircraft material use fractions. This translates to aluminium, composites and steel
& titanium representing 79%, 2.9% and 18.1% of the rest of the OEW respectively [113]. The impact

TURL www.recycleather.com [cited 20 June 2019]
2URL /www.dsm.com/markets/engineering-plastics/en/products/ecopaxx/markets/automotive.htm
1 [cited 20 June 2019]
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of this additional material mass is calculated in CES Edupack. The total CO, emissions and energy
consumption for production are presented in section 11.5.

11.2 Fuel Production and Delivery

While flying, Futura generates no-climate warming gases due to its clean propulsion technology. In-
deed, while water vapour is a greenhouse gas, it has a negligible climate impact when emitted at low
altitudes [1]. Therefore, all operational impacts originate from fuel production and transportation. The
sustainability of the processes proposed in section 4.3 are analysed below.

Firstly, fuel production is investigated. Electrolysis was selected for Gaseous Hydrogen (GH,) produc-
tion, which energy consumption per kilogram of hydrogen produced equals EHZ = 124MJkg according
to a study conducted by Shell [10]. Then, GH, is converted to LH, through a liquefaction process which
requires EHz =39.6MJkg[21]. Fromthe missionfuel mass ofmy,e = 14.3kg, therequiredamountamount
of energy to refuel one tank amounts to Eyy, =2.34-103MJ.

11.2.1 Production

The CO, emissions of LH, production vary heavily depending on the electricity source. If using the
average European electricity mix, electrolysis leads to more CO, emissions than fossil-fuel based gas
reforming [10]. It was therefore decided to use renewable electricity which produces no direct emis-
sions. Asthe European electricity markethas beenliberalised, this easily allows the hydrogen producer
to source its electricity from renewable energies provided the operator pays a higher fee®. Itis foreseen
that the aircraft operator will not oppose paying the fee, since the refuelling cost remains 20% cheaper
to that of a kerosene aircraft for the same mission, according to section 4.4.

The indirectimpacts of renewable electricity (R.E.) are assessed using Linde’s Leuna (Germany) plant
as production site example. These correspond to the impacts of the rare earth metal extraction for solar
panels and wind turbine manufacturing for instance. According to Germany’s current electricity mix*
and the specific CO, emissions of each renewable energy evaluated by the Intergovernmental Panel
on Climate Change, an average CO, footprint of mco, rE. = 17.6gMJ~1 is found [114]. This translates
to emissions of mco, r g. = 47.7kg per tank refill when adding battery recharging.

11.2.2 Delivery

Fuel transportation, however, will generate direct emissions as long as the production is fully off-site
and LH,, pipelines are notbuilt. Truck transportation from the production plantto the airportis minimised
by using large capacity trucks and airport storage of 4t [21, 70]. An estimated 11 roundtrips are needed
each year, according to the fuel weight and an average of 8 flights per day (t1ght = 119min including
turnaround, operating from 6:00 until 22:00). For the example distance from Linde Leuna’s plant to
Schiphol Airport, 1.37 - 10*km are travelled each year. According to CES Software’s Eco-audit tool,
truck transportation requires a distance and payload-specific energy of Ekm,pay =1.50MJkm~!t"!, and
generate energy-specific CO, emissions of mco, tryck = 72.0gMJ~1 [9]. This translates to an average
energy consumption of Eyc = 28.2MJ and CO, emissions of mco, truck = 2.03kg per tank refill. 1t will
be assessed with fuelling station manufacturer whether active cooling of the airport storage tank (from
renewable electricity) is needed or if passive insulation is more cost efficient.

SURL https://ec.europa.eu/energy/en/content/electricity-market-liberalisation [cited 20 June
2019]

4URL www.cleanenergywire.org/factsheets/germanys-energy—-consumption-and-power-mix—-charts
[cited 15 June 2019]
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The total CO, emissions and energy consumption per tank refill and battery recharging amount to
mco, =49.8kg and E = 2.40-10°MJ respectively. These impacts are shown for the entire operational
lifetime of Futura in section 11.5.

11.3 Noise Emissions

Futura’s noise emissions will comply with ICAO regulations on tilt-rotor aircraft, as defined in Attach-
ment A of ICAO Regulations Annex 16 Chapter 1 [25]. The most strict noise limits applicable to Futura
correspond to 96EPNdB at take-off and 97EPNJB at landing. EPNAB refer to the Effective Perceived
Noise (EPN)in decibels [25].

Noise emissions are, however, extremely complex to predict, and no numerical simulation has been
used at this point to estimate them. Laterin the design, wind tunnel tests are to be performed on a scale
model to obtain afirstestimate. A possible redesign of the blades or achange in their rotational speedis
envisionedtoreduced noise ifneeded. Itisforeseen, however, that noise emissions will remain accept-
able as the XV-15, aftilt-rotor aircraft of similar size, has demonstrated satisfactory noise levels [24].

11.4 End-of-Life Processes

This section discusses the End-of-Life (EOL) of the aircraft. While itis currently the operator’s responsi-
bility to dispose or recycle the aircraft, regulations may soon put the responsibility on the manufacturer
[12]. Thisis why, since the early design of Futura, ensuring sustainable EOL solutions has had a signif-
icant influence on material selection. EOL solutions are proposed below to ensure environmental and
societal impacts are minimised.

11.4.1 Organisation

Depending on its condition, the aircraft will be sold or donated to an aircraft recycling plant. It will be
disassembled at an Aircraft Fleet Recycling Association certified plant, present in all major European
countries.’878 Disassembled components may be reused or re-manufactured, typically engine parts
or avionics [115]. "As users will typically operate Futura as a fleet, parts can be used for servicing
operational vehicles” [116]. Other parts are segregated per material and assigned a specific process
depending on the material as shownin Table 11.1.

11.4.2 Process ldentification

The choice of EOL has a significant impact on the sustainability of the aircraft. This can be seen from
a low-waste generation point of view, but also from potential CO, emissions and energy savings. If
some material is recycled for the manufacturing of a new product, credits can be attributed to avoiding
the extraction of raw material. These savings calculated in CES Edupack are shown for all Futura’s
materials in Table 11.1.

The EOL processes are shown per material type below. The recycling of parts which are not easily
separated in afirst sorting are also assigned an EOL solution.

+ 1-Metal Alloys: Recycling for this type of material is common practice in the industry and energy
efficient. A pre-treatment and cleaning are applied to the old part. The scrap undergoes melting

SURL http://moreaero.de [cited 20 June 2019]

SURL http://www.tarmacaerosave.aero/aircraft-recycling [cited 20 June 2019]

"URL http://jetaircraftservices.com/wordpress/en/products [cited 20 June 2019]

8URL https://www.aels.nl/aels-for-you/what-can-aels-do-for-airlines [cited 20 June 2019]
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Table 11.1: EOL process # and associated potential CO, emissions and energy savings for Futura’s materials.

# | Material Saved CO, Saved Energy 3 | Aluminum-polyethylene | 129 2.28-103
emissions[kg] | Consumption[MJ] | =7 "5y nihetic rubber 2.71-10-* | 3.90

1 | Aluminiumalloys | 2.65-10° 408-10° 5 | Polyimide CFRP lay-up | 1.65-10~1 | 2.35

1 | Steelalloys 187 2.61-103 6 EpOXYGFRP lay-up 1.45 20.7

1 | Titaniumalloys 8.71-103 1.56-10° 7 E-Glass fibres 1.02-1072 | 1.60-107 1

1 | Magnesiumalloy | 848 5.64-10° 8 | Aluminosilicate (glass) | 41.5 367

2 | PA410 (bio-based) | 150 5.81-103 9 Leather 0 0

2 | Polyethylene foam | 26.1 525 10 | Cables 29.0 510

and refining. Then the cycle is finished by alloying and casting the metal. If the scrap is contam-
inated, it can be used for lower grade metals, such as ferro-titanium for old titanium parts. This
process has the advantage of not deteriorating mechanical properties, and to be economically
viable and mature enough” [6, 117, 118].

» 2 - Thermoplastics: Recycling of the polymer is possible by heating the part above its melt-
ing temperature as its chemical properties will not change. With little energy, a new part can be
remoulded [119].

* 3 -Metal-Polymer Sandwich: The sandwich component will be separated per material by heat-
ing. Thisis possible as the melting temperature of polyethene (thermoplastic) is lower than that of
aluminium [9]. The metal and the thermoplastic will then be recycled according to process 1 and
2 respectively.

» 4 - Synthetic Rubber: A downcycling process is proposed, which entails transforming the ma-
terial for a different, lower-value, application. After shredding, waste rubber aggregates have
shown useful applications in concrete and pavement reinforcement[120, 121]. The environmen-
tal savings from this process are low due to the lower-value application, yet provide an effective
way to avoid waste accumulation.

* 5 -Thermoplastic-based CFRP: Recycling of fibres and matrix is possible by heating the part
above the polymer’s melting temperature. Fibres can be reclaimed and reused as they typically
do not age while the resin can be remelted for the making new parts [119].

* 6 - Thermoset-based GFRP: Recycling of fibres and down cycle for the matrix is proposed.
"Pyrolysis or chemical dissolution are suitable processes for fibre extraction that will continue to
mature until Futura retires. The high retention of mechanical properties and economic value of
used fibres will make this process viable economically. The matrix can be used as a chemical
feedstock or for heat production. Alternatively, comminution is a downcycle process that allows
for low-value applications such as concrete reinforcement” [6, 122, 123].

» 7 -Fibreglass Paper: Fibreglass paper can be directly reused for other insulation applications,
depending on condition. Ifit has degraded (e.g. due to moisture), the downcycling process of 6
is preferred.

» 8 - Alumino Silicate: This type of strong glass, also sold as Gorilla glass, is difficulty recycled
alone. Itcan, however, be shredded and mixed with other types of glass to be recycled.®

* 9-Leather: Leather from the seats can be recycled into other leather products. Typically, these
are smaller than the original item due to shape restrictions. 10"

* 10 - Cables: Copper cables can be recycled after material separation. Innovative processes al-
low formore than 99% of metal recovery while the PVC coatingis remelted, ensuring the economic
viability of the process. This process is applicable irrespective of cable size.'?

SURL www.designlife-cycle.com/corning-gorilla-glass [cited 20 June 2019]

"WURL www . looptworks.com/collections/in-flight-collection [cited 20 June 2019]
"URL www.recycleather.com [cited 20 June 2019]

"2URL www.mtb-recycling.fr/en/cables-recycling.html [cited 20 June 2019]
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* 11 - Fuel Cells: "A combination of recycling and downcycling is possible. A hydro-metallurgy
process can separate the membrane and catalyst layers [124]. The catalyst, typically containing
Platinum Group Metals, can be recycled with a rate up 95% [125]. Flow plates and membranes
(containingthethermosetNafion)can be used forotherapplications such as desalinationorheavy
metal removal [126]. Currently, such processes are not mature and available commercially only
on a small scale at a high price [127]. Itis expected, however, that the maturity will grow rapidly
as fuel cells in the automotive industry spread further.” [116, 128]

* 12 -Lithium-ion Batteries: "Arecycling process is recommended for this device. "It will be done
byway of ahydro-metallurgical process, amediumscale and already available close to zerowaste
solution provided by Umicore [129]. Some of the energy needed for such a process is directly ex-
tracted from the battery components, decreasing the energy demand. While this process creates
almost zero waste, it comes with a high cost. Itis expected that by the time Futura retires, this
maturity and economic viability of the process will have increased.” [116, 129]

* 13 - Electric Motors: Electric motors retain a high value due to their precious materials. Small
motors are shredded while specialised companies separate biggerones. This process appliesto
any motor size.'3

It can be seen from the material breakdown in Figure 10.1, that only about 15% of the mass is assigned
toathermoset-based material (from the total mass with assigned material). This low value compared to
currentmodern aircraft (about 50%) was achieved by preferring metals overthermoset-based compos-
ites where the design space allowed [113]. Even so, these less sustainable materials were assigned
downcycling solutions to low-value applications to reduce waste.

11.5 Life Cycle Assessment

As major design decisions have been taken to make Futura as sustainable as possible, this section is
about quantifying theirimpact. A Life Cycle Assessment, during which the CO, emissions and energy
consumption of all stages of Futura’s life from material extraction until the End-of-Life are evaluated and
seenin Table 11.2.

The impacts are calculated according to section 11.1, section 11.2 and section 11.5. Operational im-
pacts are assessed over the operational lifetime of Futura, estimated at 30 years, according according
to the aircraft average [130].

For the End-of-Life calculations, the additional material mentioned in section 11.1 are used to have a
global picture of the EOL sustainability. The reprocessing of materials, however, consumes energy
and releases CO, emissions, depending on the choice of EOL. This includes material collection and
sorting. These impacts are shown as 'Process’in Table 11.2.

To judge the sustainability performance of Futura, a comparison with the closest currently operating
competitor, the Airbus Helicopter H145 is carried out.

11.5.1 H145 Environmental and Societal Impacts
Production and End-of-Life

To estimate the production and End-of-Life CO, emissions and energy consumption of the H145, the
aforementioned typical aircraft material use fractions are used. As these fractions have not been found
for helicopters specifically, this provides the best estimate. The calculations are based on the H145’s
OEW, equal to 1895kg [131]. Recycled material use and manufacturing waste are also taken into ac-
countusing CES Edupack.

BURL http://interbaro.nl/en/products-metals/electric-motors-recycling/ [cited 20 June 2019]
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Operations

For comparison purposes, the operational impacts of the H145 are calculated for the same mission
as Futura’s. The Swiss Federal Office of Civil Aviation has estimated that the H145 consumes on
average i, = 283kgh™! and releases ryox = 1.99kgh™!, translating to equivalent CO, emissions
of mco, = 1.49 - 103kgh~1." The distance and payload-specific energy for helicopters is estimated
by CES’ Eco audit tool at Em pay = 55.0MJkm~tkg™. From the mission flight time of 59min and an
average of 8 daily flights, the impacts of fuel combustion can be estimated over the operational life-
time.

The production of kerosene also generates CO, emissions and consumes energy. Productionincludes
extraction, refinery andlong-distance transportation as these processes typically take place outside Eu-
rope. These have been estimated to represent 3.97% of fuel combustion’s impact [132]. This fraction
is added to the operational impacts of the H145.

11.5.2 Comparison

A comparison of the life-cycle CO, emissions and energy consumption of Futura with its competitor, the
H145, is shown in Table 11.2. Itis observed that Production has higher impacts for Futura, mostly be-

cause Futura’s (I\/CI)TIi)V\\//V) ratiois 54% higher meaning more structure hastobe carried[131]. The EOL, on
the other hand, shows higher impact reduction potentials due to the high recyclability of Futura. Lastly,
Futura’s operational impacts being drastically lower than the H145’s, a life-cycle reduction of 97% and
87% in terms of CO, emissions and energy consumption, respectively, is reached. This reduction is
deemed excellent and highlights the potential of liquid hydrogen for reducing the climate footprint of

aviation.

Table 11.2: Life cycle assessment of Futura and H145.

C02 Energy
Emissions [ton] Consumption [MJ]
Stage Aircraft Futura H145 Futura H145
Material 39.4 20.3 6.06-10° 2.93-10°
Production | extraction
Manufacturing 4.24 1.88 5.55-10* | 2.5-10*
ruel pro:“t.Ct'on’ 436-10° | 5.05-10° |2.10-10° | 5.16-107
Operations |__transportation
Combustion 0 1.27-105 |0 1.3-10°
. Process 9.72-101 | 8.96-1072 | 6.81-10? 1.28-103
End-of-Life o i ential ~124 —9.87 ~7.14-10° | —1.54-10°
Total 4.28-103 1.32-10° 2.11-108 1.35-10°
Difference —96.8% —84.4%

Conclusion

The sustainability of Futura has been evaluated in terms of equivalent CO, emissions and
energy consumption. Production’s footprint was reduced by selecting recycled materials and
bio-based materials as well as following a lean manufacturing philosophy. While Futura is
emission-free in flight, indirect impacts from fuel production and delivery were accounted for. A
sustainable EOL solution was assigned for all materials and main components of the aircraft.
Eventually, this allowed the generation of a Life Cycle Assessment of Futura’s sustainability.
CO, emissions of Futura are 97% lower than a comparable aircraft over its entire lifetime. This
significant reduction highlights the exceptionally high sustainability of Futura.

\. J

"YURL www.climatechangeconnection.org/emissions/co2-equivalents/ [cited 15 June 2019]
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As project clients and investors want to make sure that the project will be profitable in the long run, the
Return On Investment (ROI) needs to be predicted: this ROI can be defined as the ratio between net
profitand investment costs. Therefore, high ROl is necessary for the sustainability of the project. First,
the total costs related to the project will be estimated in section 12.1. Afterthat, Futura’s competitors will
be analyzed in section 12.2. Finally, with this information, the ROl will be determined in section 12.3.

12.1 Cost Break-down

The total design costs of the Futura project can be subdivided into three main groups: development,
testing, and manufacturing. These are graphically presented in Figure 12.1 and will be discussed in
subsection 12.1.1, 12.1.2 and 12.1.3 respectively. After that, an overview of the total investment for
design and manufacturing of Futura will be given in subsection 12.1.4. To conclude, the operational
costs of Futura will be analysed in subsection 12.1.5.

Cost
h 4
Development
h 4 h 4 \l h 4 b 4 v ¥
) Power Plant )
i
Fuselage Wing & Rotors Empennage | |Landing Gear| Systems Payload ]
l Testing
Component Flight
Testing Testing
Y h 4 ‘l‘ h 4 Y h
Simulation Propulsion Structural Systems Windtunnel Simulation Flights
Manufacturing
b 4 w ¥ ¥y 4 v p 4 y
Fuselage Wing Pg‘wéétzlrim Empennage | |Landing Gear Systems Payload Assembly

Figure 12.1: Cost break-down of Futura.

12.1.1 Development

To approximate the total development cost of Futura, a project valuation tool from MIT was used. First,
the mass of the different subsystems of Futura needed to be determined, which was done in chapter 9.
After that, the development cost per unit mass of that subsystem was multiplied with the actual mass
of that subsystem to obtain the development cost of the subsystem. As the development costs per
subsystem in the MIT report are given in $Ib~! in FY2002, these values had to be converted to €/kg in
FY2019 as the development of Futura started in the year 2019. With an average inflation rate in the US
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of 2% and a conversion rate of 0.453592 kglb~!, the subsystem development costs in Sl units could be
found.’-?

The development cost of the complete Futura system is then the sum of the development costs of its
subsystems, which was found to be 182.32 M€ in FY2019. Table 12.1 gives a clear overview of the
subsystems and their corresponding development costs [133].

Table 12.1: Futura’s development costs in FY2019.

Cost per Unitmass | Cost per Unitmass | Mass Cost
[$ (FY2002)/Ib] [€ (FY2019)/kg] [kg] | [ME(FY2019)]
Fuselage 32,093 87,678.10 278 24.375
Wing 17,731 48,441.10 244 11.820
Power Plant & Rotors 8,691 23,743.82 1,609 38.204
Empennage 52,156 142,490.23 118 16.814
Landing Gear 2,499 6,827.27 174 1.188
Systems 34,307 93,726.75 677 63.453
Payload 10,763 29,404.52 900 26.464
TOTAL 4,000 182.32

12.1.2 Testing

As testing is not included in the MIT development cost estimation tool, these testing costs were esti-
mated with Roskam [134]. They can be divided into two main processes: system component testing
and actual flight testing.

Component Testing

To find the total cost related to component testing, the following formula was used: [134]

Ceomponent = 0.008325- W73 - Vi 830 - N34 - CEF -Fyif s (12.1)
—0.008325-[100:1936+0.8645-10g(Wr0)| **7° 71890 0346 Cp R fy (12.2)
= 0.008325-[1001936+0.8645-10g(8819)| **7° 1890 NO346 . Cpp .y, (12.3)

In this equation, Wy, represents the aeronautical manufacturers planning report weight in pounds
which can be estimated with the take-off weight of the Futura, V;,, ., the maximum design speed in knots,
N,4:e thenumberofaircraftbuiltduringthe RDTE (Research, Development, Testing, Evaluation) phase,
CEF the Cost Escalation Factor, and Fy;s ¢ the relative program difficulty. N4, was assumed to be 6
based on the number of V-22 prototype aircraft built[135], and CEF and Fy; s were considered to be 1.1
and 2 respectively based on Roskam [134].

This results in a total component testing cost of 1.69 M€. Considering that component testing will start
inthe year 2024, as predicted in chapter 14, this value is given in FY2024.

Flight Testing

To estimate the costs related to flight testing, the following calculations were performed: [134]

TURL https://www.thebalance.com/u-s-inflation-rate-history-by-year—-and-forecast-3306093
[cited 18 June 2019]
2URL https://www.metric-conversions.org/weight/kilograms-to-pounds.htm[cited 18 June 2019]
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Ccomponent=0-001244'W(111'r1116)9"vr}i39761'(Nrdte_ st)1'281'CEF'Fdiff'Fobs

1.160
=0.001244- [100.1936+0.8645~l0g(WTo)] .V%.gzcl (Nygte— st)1'281 'CEF'Fdiff Fyps

.160
=0.001244-[100-1936+08645 L0g(8819)| ™10 L7 (N YLZBL.CEF - Fyy - Fpp

Compared to the component testing cost equation, the only new parameters are N, and F,s: they
represent the number of static test airframes built and the observables characteristics. These were
assumed to be 0 and 1 respectively based on Roskam [134].

Plugging in these values results in a total flight testing cost of 931.08 k€. This value is given in FY2026
as itwas assumed in chapter 14 that flight testing will start in the year 2026.
Total

Summing the values of component and flight testing results in a total testing cost of 2.62 M€.

12.1.3 Manufacturing

Calculation of the manufacturing cost per Futura aircraftis done in the same way as subsection 12.1.1:
by multiplying the mass of a subsystem with the manufacturing costs per unit mass of the subsystem,
the total manufacturing cost was found [133]. This is shown in Table 12.2.

Table 12.2: Futura’s manufacturing costs in FY2027.

Costper UnitMass | Costper UnitMass | Mass Cost
[$ (FY2002)/Ib] [€ (FY2027)/kg] [kg] | [k€(FY2027)]
Fuselage 967 3,095.34 278 860.51
Wing 900 2,880.88 244 702.93
Power Plant & Rotors 374 1,197.16 1,609 1,926.24
Empennage 2,331 7,461.47 118 880.45
Landing Gear 221 707.42 174 123.09
Systems 452 1,446.84 677 979.51
Payload 564 1,805.35 900 1,624.81
Assembly 65 208.06 4,000 832.25
TOTAL 4,000 7,929.80

When summing the manufacturing costs for the different subsystems, a total manufacturing costof 7.93
M€ was found for the first produced vehicle. However, a learning curve of 95% can be applied to this
manufacturing cost per vehicle, meaning that each vehicle will be produced with 5% fewer resources
than the one before it [133]. Quantitatively, this results in a manufacturing cost of 5.64 M<€ for the 100t
vehicle, or a reduction of 29%.

For the production of the prototype, the costs related to payload were removed as no seats and cargo
equipment will be installed for the test flight. Also, assembly costs were halved as the costs toinstall the
payload can be ignored in this case. This was done to try to comply with the prototype cost requirement
of 2 M€. However, it can be concluded that the cost to produce the prototype, which is predicted to take
place in the year 2023, is still 5.44 M€, or 3.44 M€ over budget. The main reasons for this are the high
manufacturing cost of the power plant & rotors subsystem, which take up 25% of the total manufac-
turing cost of Futura, and the yearly inflation rate of 2%." Solutions to decrease this deficiency can be
to start manufacturing the prototype sooner, as the influence of inflation will decrease, and to look for
government or alternative investor funding such as the promising Clean Sky initiative.3

SURL https://www.cleansky.eu/ [cited 19 June 2019]
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12.1.4 Design Cost Overview

As Futura uses innovative technology and a hydrogen-electric power plant instead of jet engines, a
safety factorof 2 was applied to the development and testing costs to make sure that the estimated costs
will not be exceeded throughout the project. Combined, their costs are approximated to be 369.87 M€.
Verification of the results was done by calculating arbitrary intermediate results by hand. Unfortunately,
validation of this estimation was not possible as noreliable development cost datawas found for modern
aircraft.

12.1.5 Operations

To give anidea of the operational costs to the future operators of Futura, an overview of the major costs
is givenin Figure 12.2[136].

Operational
Costs
h 4 h 4 v ¥ 4r v v ¥ ¥
Hydrogen Battery Landing F'assgnger Emplo_\,ree Maintenance T — .Advenlsenjent Other
Fuel Energy Fees Commissions Salaries & Promuotion

Figure 12.2: Operational cost break-down of Futura.

The largest contributors to the operational costs are the hydrogen refuelling and battery recharging:
their exact costs were assessed in chapter 4, which were found to be 182.1€ perflight. The costs of the
other elements in the break-down are only a fraction of refuelling and recharging [136]. As the exact
annual operational costs for Futura are challenging to estimate in advance, it will be assumed for now
that they are similar to the operational costs of current existing helicopters. This was determined to be
approximately 880 k€ per year as will be treated in section 12.2.

12.2 Competitor Analysis

To determine the selling price for Futura, the aircraft and helicopters of different competitors were anal-
ysed and compared to Futura based on multiple parameters. Prices of existing competitors were con-
verted to Euroin FY20274 and the number of passengers to payload [137]. The competitor comparison
can be seenin Table 12.3.5:6.7.8.9

From this table, it can be deduced that Futura will be most competitive with helicopters as it performs
better in terms of the selling price, payload, and cruise speed. Compared to aircraft, it can be seen
that Futura only performs better than current aircraft on a payload-to-MTOW ratio. However, the VTOL
capabilities of Futura are an added value which has to be taken into account in the price determina-
tion.

Based on this data, it was decided to set the selling price of Futura at 8 M€ (FY2027): this is 800 k€, or
10%, less than the average competing helicopter, which should make it possible for Futurato reach the
intended 10% market share, as discussed in chapter 2.

4URL https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rates
/ [cited 19 June 2019]

SURL https://www.bjtonline.com/ [cited 19 June 2019]

SURL https://www.airbus.com/helicopters/key-figures.html [cited 19 June 2019]

TURL https://www.leonardocompany.com/press-release-detail/-/detail/2million-flight-hours
-awl39 [cited 19 June 2019]

8URL https://www.sherpareport.com/aircraft/sales-business-jets-2017.html [cited 19 June 2019]

SURL https://www.textron.com/assets/FB/2016/aviation.html [cited 19 June 2019]
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Table 12.3: Futura’s competitor analysis and comparison.

Selling Price | Payload | MTOW | Range | V. Annual Operational

[IVEI;€] [ig] k] [krr?] (km/h] | Annual Sales o k€]
H125 3.01 420 | 2,370 | 483 | 254 162 575.14
H135 5.91 525 | 2,050 | 447 | 254 27 780.71
H145 10.06 840 | 3,700 | 418 | 248 121 999.23
H160 22.81 1,260 | 5670 | 796 | 255 15 -
AW109 5.70 525 | 3,175 | 575 | 293 - 887.32
AW139 11.41 840 | 6,400 | 740 | 306 60 1,269.25
AW169 83 840 | 4,600 | 820 | 268 50 1.076.36
Bell 407 3.21 525 | 2,381 | 624 | 246 . 567.03
Average 8.80 722 | 3,906 | 613 | 266 84 879.29
Helicopters
Citation M2 4.87 630 | 4,853 | 1,117 | 748 39 972.87
King Air 3.94 525 | 4,756 | 1,453 | 507 106 804.22
Piper M600 3.01 420 | 2,722 | 1,019 | 507 . 485.36
Average 3.94 525 | 4,110 | 1,196 | 587 72.5 754.15
Aircraft
FUTURA 3.00 900 | 4,000 | 300 | 350 30 880

12.3 Return On Investment

The ROI can be defined as the amount of profit of a project compared to the total investment in the
project. The following formula can, therefore, be used to calculate the ROI:

Revenues—Manufacturing Costs—Testing Costs—Development Costs  Profits

ROI= (12.4)

Manufacturing Costs+ Testing Costs+ Development Costs ~ Costs

As explained in chapter 2 and section 12.2, Futura will have a selling price of 8 M€ and an aver-
age annual sales of 30 units. A slow start in unit sales is considered for the first five selling years
as it is expected that customers will be hesitant to adopt Futura’s new technology. Once the inno-
vative technology has been proven to work, and potential customers are convinced of its benefits,
it is predicted that unit sales will increase to approximately 30 per year, reaching a market share of
10%.

As calculated in section 12.1, it will cost approximately 369.87 M€ to develop and 7.93 M€ to manufac-
ture the first Futura vehicle. Based on a total sales of 809 Futura vehicles over 30 years, it is estimated
that the totalinvestmentin the project will be 4.59 B€. Itis important to note that these investment costs
are including development, testing (both component and in-flight) and manufacturing of all these 809
vehicles. Taking into account the learning curve of 95%, the ROI per selling year could then be found,
whichis shownin Figure 12.3. From this graph, itcan be deduced that the total ROl after 30 years will be
41.04%, which corresponds to a total profit of 1.88 B€ over the whole project. Besides, the break-even
point will be achieved at 172 sold Futura units, which will take approximately 8.77 years.
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Figure 12.3: ROI of Futura for each selling year.

Conclusion

Based on a development cost of 182.32 M€ and a testing cost of 2.62 M€, and by applying a
safety factor of 2 due to Futura’s innovative technology, a total development cost of 369.87 M€
was found for the project. Also, a manufacturing cost of 7.93 M€ was computed for the first
Futura aircraft, which decreases by 5% per vehicle that is produced. By subtracting the costs
related to payload from this manufacturing cost, a prototype cost of 5.44 M€ was computed,
which is 3.44 M€ more than the critical requirement of 2 M€. However, it is expected that this
requirement can be achieved with the help of government and alternative investor funding. The
operational costs of Futura were estimated to be 880 k€ per year based on current competing
helicopters. With a selling price of 8 M€ and a market share of 10%, which is realistic as Futura
performs better in multiple parameters and costs on average 10% less than existing helicopters,
the break-even point is achieved at 172 units taking approximately 8.77 years to attain. Over a
time of 30 years, a ROl 0f 41.04% is predicted, resulting in a total project profit of 1.88 B€.




13, Risk Analysis and RAMS

After having presented the different aspects which characterise the design of Futura and all the issues
related toit, this chapter focuses on two other major essential topics. section 13.1 aims at investigating
the reliability, availability maintainability, and safety of the aircraft. Furthermore, section 13.2 discusses
the significant technical, commercial, and operational risks Futura could be subjected to and proposes
adequate mitigation strategies.

13.1 RAMS

High reliability and safety are key aspects of the design. Futura has to be reliable and safe to be suc-
cessful on the market. Besides being dependent on each other, these two aspects are also related to
the availability and maintainability for which requirements and regulations must comply with.

13.1.1 Reliability

The reliability of the aircraft can be defined as a result of the reliability of the different system the aircraft
is composed of. Estimates related to the airframe, the electrical, the power plant, the ground control,
and the cockpit instrumentation system can be derived from [138], which provides reliability values for
a sample of general aviation aircraft. Reliability estimates for the flight control system and the power
plantare also provided; however, since these systems differ significantly from the one of a conventional
aircraft, new estimates have to be determined. Forwhat concerns the power plant system, afailure rate

per component has been defined in section 6.5, resulting in an overall failure rate of 3.48e~° %’;{T:]S
for the complete system. To determine the related reliability, a negative exponential distribution can be
used such that:

R=e~At (13.1)

Due to its simplicity, this function is often used in reliability analysis to model random failures and is
therefore, suitable for this estimate [5]. The time at which the reliability is calculated depends on the
time interval between the maintenance sessions. As prescribed by regulations, after 400 hours of flight
an Atype inspection is mandatory to assess the integrity, the functionality and the correct placement of
the different components of the control system and the power plant system. Having defined the failure
rate and a suitable time interval, reliability of 0.999 can, therefore, be derived for the power plant sys-
tem.

A similarapproach has been used to unsuccessfully determine a reliability estimate for the flight control
system. Very little information could be retrieved concerning the failure rate of the flight control system
components. According to what is reported by the V-22, the flight control system of the V-22 tilt-rotor
aircraft was subjected 69 failures out of 804 hours of flight testing, leading therefore to a failure rate of

0.085 C?ZZ{:]SHOG]. Calculating the reliability using this failure rate and a time of 400 h leads to a reli-
ability estimate close to zero. The obtained result does not provide a useful indication for this analysis.
The mentioned failure rate is indeed extremely high and cannot, therefore, be considered as a reliable
value. From [106], it is indeed not clear how failures are defined; furthermore, such failures have been
assessed undertesting conditions instead of normal operating conditions, resulting therefore in afailure
rate higher than the average. On the other hand, the same report states that the flight control system
and in particular the swash plate is responsible for the majority of the failures, and it is, therefore, the

system which affects the reliability the most. In conclusion, no reliable value could have been defined

116
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for the reliability of the flight control system.

The reliabilities for the different systems are summarisedin Table 13.1. By multiplying these values, itis
possibletodefineareliability estimate of 0.9714 forthe whole aircraft, excluding the flightcontrol system.

Table 13.1: Reliability of aircraft systems.

System Reliability Estimate
Airframe 0.99940
Electrical 0.99997
Power Plant 0.99999
Ground Control 0.99598
Cockpit Instrumentation 0.976

13.1.2 Availability

Anavailability of 90% hastobereachedto satisfy the customerrequirement. Forthisgoaltobe achieved,
it is important to minimize the time the aircraft spends on the ground due to maintenance operations.
Whentaking atime of one year as areference, this requirementtranslates into availability of 328.5 days.
Consequently 36.5 days or 401.5 hours a year can be dedicated to maintenance, considering the air-
craftis operative for a maximum of 11 hours per day. According to what prescribed by regulations, the
aircraftis yearly subjected to the so-called A inspections at least every 400 hours of flight, requiring 10
hours each to be completed. Since itis expected from the aircraft to be operative 11 hours per day, an
inspection of this type has to be performed every 36 days. This leads to 100 hours of required mainte-
nance per year. In addition to this estimate, B checks are also performed every 6 months, requiring 72
hours of maintenance." Itis therefore concluded that, by regulations, the aircraft has to be grounded
for at least 244 hours per year. This estimate leaves room for 157.5 hours to be possibly dedicated to
furtherunscheduled maintenance. Furthermore, the time outside the aircraft daily shifthours could also
be used for the same purpose, leading to an extra of 4270.5 hours per year. Given that the flight control
systemis more subjected to failure than other control systems, it is expected from this systemto require
more maintenance hours than the ones planned from the regulations [106]. However, considering that
onthe average a commercial aircraft requires the same amount of hours for unscheduled maintenance
asforscheduled maintenance (Wim Verhagen, personal communication, 23 June 2019), itis concluded
that given the spare amount of hours, the 90% availability requirement can still be met.

13.1.3 Maintainability

The maintenance of Futurais based primarily on periodicinspections (A, B, C,and D checks) as already
described in [116]. However, each aircraft will have to spend more hours under maintenance than the
minimum prescribed by the regulations. According to [106], the V-22 Osprey takes on the average 18.6
maintenance working hours per flight hour. One of the main issues because of which the V-22 requires
such a consistent maintenance effort is due to hydraulic and nacelle related problems: hydraulic lines,
flight control system actuators and all the nacelle components are claimed to be crucial maintenance
items [106]. Since Futura has a comparable configuration as the V-22, such items are of equal fun-
damental importance for its maintenance. However, unlike the V-22, Futura will not operate in harsh
environments (e.g., desert or similar) which rapidly deteriorate the components of its systems. Itis,
therefore, possible to drastically reduce the maintenance of working hours per flight hour to less than
10.

To guarantee easy accessibility of the nacelles without the need of removing them completely, multiple
panels are placed on the side, on the bottom and on the top of the nacelle itself along its length. Further-
more, the lower wing configuration also contributes to making the inspection of the wing itself and the

"URL https://www.gantasnewsroom.com.au/roo-tales/the-a-c-and-d-of-aircraft-maintenance
[cited 21 May 2019]
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nacelles easier.

When looking at the components of the power plant system, the tank, in particular, requires special
considerations. As explained in detail in section 13.2, leaks from the tank are possible. Hence the tank
compartmentshall be cleaned aftereachflight. Furthermore, to avoid the risk of hydrogen ignition within
the tank itself, all the related minor maintenance operations shall be performed with the tank being al-
ways atleast 15% filled. The performance of other power plants components such as the fuel cells and
batteries can be continuously monitored on the ground and during the flight and consequently, they do
not require visual inspections as frequently as for the tank.

13.1.4 Safety

Safety of the passenger and crew members of an aircraft is of fundamental importance: their lives at
any point in time during operation shall never be in danger. To ensure this goal is achieved, the first
step from the design point of view is to meet all the CS-29 requirements. An extensive requirement
analysis has been performed already at an early stage of the project, and the design of the aircraft
design has therefore been developed to achieve the minimum safety performance imposed by the reg-
ulations. What is more, since safety plays a central role in the design itself, the effort has been spent
to enhance the safety level above the bare acceptable minimum. As an example to start with, in case
of crash or emergency, an extra emergency door has been included in addition to the single one the
regulations prescribe. On a more general level, a fail-safe philosophy has been adopted as explained
in [116]. Such redundancy philosophy is of particular importance for the power plant system: being
the hydrogen technology yet subject of research in the aerospace engineering field, the implemented
power plant is one of the key innovations of the current design. Itis, therefore, important to guarantee
a high level of reliability and safety. The estimated reliability of 0.99999 for the power plant system
as reported in [139] results indeed from the application of a sufficient number of redundant units per
component. Table 6.7 in subsection 6.5.2 summarises the degree of redundancy applied per compo-
nent.

Anothersafety considerationthathastobedone concernsthe corrosionresistance of Aluminum2024T6,
which is the material used the mostin the design of Futura. The application of aluminum alloys, in gen-
eral,isindeedrestricted by poor corrosionresistance, whichis due tothe easily erodible protective oxide
layer[140]. Although corrosion inhibitors such as chromates are widely used in aerospace applications
toenhancethe corrosionresistance, these are also environmentally unfriendly since they could contain
metals such as chromium and zinc. Equally effective ceramic coatings are therefore implemented.
Finally, a major risk for safety is related to the use of hydrogen: due to its low flammability, ignition or
even explosion can generate as a consequence of hydrogen leaks from the fuel tank. Thisrisk is elab-
orated in detail in subsection 13.2.2, where effective mitigation measures are proposed to minimize the
likelihood and impact of this event.

13.2 Risk Analysis

This section focuses on the maijor risks deriving from the design of Futura. Based on the preliminary
analysis performed in the previous phases of the design, the current risk analysis aims at reassessing
and further elaborating on some of the major risks already addressed [116]. Furthermore, with the de-
tailed design being developed, new uncertainties arise which are also tackled here. The structure of
this sectionis, therefore, as follows: firstly, the risks in consideration are introduced, and the causes and
consequences foreach are reported. Therisks are then assessed, and a risk mitigation strategy is con-
sequently planned. Finally, the post-mitigation matrix shown in Table 13.6 summarises the expected
effects of the mitigation implemented.
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13.2.1 Risk Identification

The first step to take in the risk analysis process is to identify the major risks to take care of. To be
consistent with the method previously adopted in [116], also, in this case, a division of the risks into a
technical, commercial, and operational category is considered. Table 13.2 shows the main risks that
are analyzed with their related causes and consequences.

Table 13.2: Risk identification table.

RiskID | Risk \ Cause \ Effect
Technical Risks

Catastrophic

4 rupture of the fuel tank

Over pressure, internal tank combustion Hydrogen ignition, tank explosion

stress cracks in tanks due to pressure

Smallleaks . . . S

T6 cycling, faulty pressure relief device, Hydrogen losses, hydrogen ignition
from hydrogen tank . .

faulty coupling from tank to feed line

Loss of aircraft power, battery ignition

T9* Bgttery fallu['e Electrglyte 'e?"age’ over charging, damage of nearby located electrical
during operation over discharging, thermal runaway
components
Commercial Risks
car Short flight routes Political decisions based on Futura becomes more competitive
getcancelled environmental considerations on the market

More competitors on the market,
loss in competitivity
Operational Risks

C5* Futura is not profitable Failure of the project

06* Entering t.he dead man Operathnal constraints Autorotation not achievable
zone during operation (e.g. departing from a roof top)
or* Failure of nacelle failure of the tilt rotor mechanism Loss of aircraft controllability

rotation during operation

Alltherisks listed in Table 13.2 are defined by the mean of an identifier; furthermore, the new risks which
are considered in this analysis are additionally marked by a star sign. Among these, risk C4 differs
significantly from the risks found so far, since it represents an opportunity rather than a threat. By defi-
nition, arisk can indeed be both, and for complete risk identification, itis, therefore, essential to include
also relevant opportunities [141]. Risk T4 and T6 have already been considered in [116]. However, a
reassessmentis here necessary, considering the critical consequences they could lead to as explained
in subsection 13.2.2.

13.2.2 Risk Assessment and Mitigation

The main risks which have been identified in subsection 13.2.1 are consequently assessed and miti-
gated. The risk assessment is done following the same approach as defined in [116]: the likelihood of
occurrence and the severity of the impact are evaluated on a scale from 1 to 4 where value 1 refers to
a remote probability of occurrence and negligible impact while value 4 represents high likelihood and
catastrophic impact. With respect to the scale used in this assessment, a remote likelihood refers to
an event which is extremely unlikely to occur, while an event is likely when it will occur several times.
Similarly, a catastrophic impact results in serious damages to the system or to the environment around
it or even in human losses. By contrast a negligible impact does not imply any major damage to the
system. In case an opportunity is considered, such as for risk C4*, the risk impact is intended to affect
positively the system or the operational environment the aircraft operates in: in the specific case of risk
C4~ less flight routes used by the competitors will have a positive impact on the profit of Futura. A total
score given by the product of the likelihood and the impact can be defined per risk: such score gives a
measure of how important the risk itself is and it consequently allows for risk prioritisation.

Atotal score of 16 resulting from maximum likelihood and impact represents therefore the highest level
of risk.

The results are summarised in Table 13.3 and Table 13.4. It can be seen that the risk scores range be-
tween 6 and 8, meaning that although they are not close to the highest risk level, they are stillimportant
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risks for which a mitigation measure is required.

Table 13.3: Risk Assessment Matrix (RAM).

Likelihood & Impact | Remote (1) | Unlikely (2) | Possible (3) | Likely (4)
Catastrophic (4) T4
i T6,T9%,
Critical (3) C5* O7* C4,06
Marginal (2)
Negligible (1)
Table 13.4: Total score per risk.

Technical | Commercial | Operational Legend
T4 | 8 | C4* 9 o6* 6 Risk
T6 | 6 | C5* 6 or* 6 Risk ID
T9* | 6 Total Score

For each of the assessed risk in Table 13.3, a detailed explanation is provided. Furthermore, the miti-
gation measures implemented per risk are discussed right after.

+ T4) Catastrophic Rupture of the Fuel Tank: given that detailed design of the tank has been
developed, a reassessment of this risk has become necessary. In [116], it was claimed that
one of the causes of this risk is the over-pressurisation of the tank itself. At standard condi-
tions, the tank operates at 2.5 bars, which corresponds to 3% of the total hydrogen being gas
and 97% being liquid. Whenever this pressure value is exceeded over pressurisation occurs,
which could ultimately lead to an explosion if the pressure level, including the safety factor, is
reached. An additional cause which could lead to a fatal rupture of the tank is combustion within
the tank itself, which could occur in the case air is let into the tank. Therefore, as reported in the
[116], while the likelihood of this risk to happen is still remote, the severity of the impact is catas-
trophic.

MITIGATION: To avoid over pressurisation of the fuel tank, two pressure relief valves are imple-
mented, one forredundancy purposes. Atnormal operating conditions (i.e. atemperature of 50°C
and pressure of 2.5 bars) these valves allow the internal pressure decrease when a 3% gas con-
tentisreached as explainedin section 6.3.3. A cryogenic safety valve of type 06810 is suitable for
the performance the tank has to sustain, since ithas been certified by the manufacturerto correctly
operate between temperature ranges of -270°Cand +400°C. Onthe drawback side this valve type
works with a spring load system which requires regular maintenance [142]. Concerning this miti-
gationmeasure, an additional remark has tobe made: ithasindeed been estimated thatifapower
higherthan26.6 kW is appliedtothetank, therate atwhichliquid hydrogenturnsintoagasishigher
than the discharge rate the safety valve can generate. Itis therefore of fundamental importance
that the tank is as much isolated as possible from any heat source: for this reason, the tank has
been located in a sealed compartment. To prevent the risk of catastrophic rupture due to internal
fire, the mitigation measure recommended tothe operators ofthe aircraftistoleave atleast 15% of
hydrogenalwaysinthe tank: ononesside this allows to maintain always the tank atthe sufficientop-
eratingtemperature, and, onthe otherhand, the pressure is enough to preventairfromflowinginto
the tank. Furthermore, ground operations shall be meticulous to guarantee an airtight refuelling.

» T6) Small Hydrogen Leaks from the Fuel Tank: as for risk T4), also this risk has already been
discussed in [116]; however, with a detailed tank design being developed, a reassessment of this
risk is necessary. In particular, there is the concern that, although the tank is characterised by
three different alternating layers of metal and composite material, the tank walls can still allow
for a negligible amount of hydrogen molecules to pass through. This is because hydrogen has
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a minimal molecular size and can easily permeate into most metals [142]. A faulty connection of
the tank with the pipeline can also be the cause of small leaks from the tank itself. The mentioned
leaks which occur during the time of a single flight do notrepresent arelevantdangerfor the safety
of the aircraft. However, the hydrogen released during multiple flights and accumulating in the
tank compartment could reach a critical level for which a minimum amount of energy is sufficient
forignition. Inthe worst case hydrogen to air ratio of 0.04 and 0.02 mJ of energy would be enough
for the mixture to ignite [143].

MITIGATION: although it is challenging to give an estimate of how much hydrogen is released
through the walls in a defined time interval and most likely also experimental measures would
lead to negligible hydrogen concentrations, it is still essential to plan a mitigation measure for this
risk. This is in contrast to what reported in the [116], where it was stated that no mitigation mea-
sure was required. However, by reassessing the severity of this risk and consequently defining
a suitable mitigation strategy, the safety of the aircraft will be enhanced. Coping with this risk is
therefore done in two steps: firstly itis necessary to monitor the concentration of hydrogen in the
tank compartment at any point in time, and, secondly, such concentration has to be decreased
whenever the critical hydrogen to air ratio of 0.04 is reached. The first step can be achieved by
implementing hydrogen detecting sensors: these shall be able to warn the pilot if the mentioned
maximum allowable hydrogen level is met. Following this warning, the pilot shall land as soon
as possible. Furthermore, since only 0.02 mJ of energy are required to ignite the Hydrogen-air
mixture, it is of fundamental importance to limit the electrical components in the compartment.
Therefore, itis required that the hydrogen detector wiring within the tank compartment is made of
optical fibres rather than standard electric cables. Hydrogen sensors implementing optic fibres
have already beensubjectedtoresearchfortheirpotential of notgenerating sparks orshortcircuits
[144]. To lower the concentration of Hydrogen, two pneumatic control valves are installed on the
pressure side and of the suction side of the fuselage. Pneumatic actuators operate these valves
instead of electric ones, and when opened, they allow for a flow of air to the external environment.
After every flight, these control valve shall be completely open, and the tank compartment has to
be cleaned from the hydrogen that could have been released during the flight.

» T9*) Battery Failure during Operation: 36 batteries connected in parallel are installed on board
of the aircraft. Each of them is composed of 126 cells connected in series. Given that these
batteries provide 73% of the peak power required for normal take-off and landing operations, it
is important to be aware of the causes which can lead to their failure as well as to investigate
effective mitigation strategies. The modes which can lead to a cell failure can be divided into
not-energetic and energetic failure modes [145]. An important failure mode belonging to the first
category consists in the electrolyte leakage caused by mechanical damage: such leakage could
resultinthe short-circuiting of the adjacent systems, and mostimportantly its contactis hazardous
for humans. Furthermore, an ideal not-energetic failure mode follows from the natural cell age-
ing, which consists into a slow decrease in battery capacity and an increase in impedance over
time, until the point where the power demanding from the battery is no longer satisfied. How-
ever, factors such as overcharge and over discharge, can greatly affect the battery life: these
are also related to one of the primary energetic failure modes, namely the thermal runaway of
the cellitself. In runaway reactions, the energy stored in the battery is rapidly released, leading
to a rise in temperature up to 600°C [145]. This failure mode could result therefore in a fire or
even explosion, as it has already occurred on board of two 787 airliners in 2013.2 It is therefore
clear how seriously this risk can affect the safety of the aircraft and how critical its consequences
are.

MITIGATION: As already discussedin[116] in case of failure of one of the batteries, the otherones
can take over and still satisfy the power demand, meaning that a fail-safe approach is adopted as
a first measure to mitigate the risk of battery failure. Several other simple measures could, how-

2URL https://www.faa.gov/news/press_releases/news_story.cfm?newsId=14233 [cited 16 June 2019]
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ever, be implemented to limit the impact of this risk. To prevent overcharge and over discharge, a
common solution is to set specific voltage limits which allow the electrical load of the battery pack
tobe disconnected when such alimitis reached. Battery pack design usually contains also mech-
anisms to disconnect the battery if its performance deteriorates remarkably [145]. A protection
safety module (PCM)is implemented to serve both the function of overcharging/over-discharging
prevention and overcurrent prevention [146]. Furthermore, to protect the nearby components
from the risk of battery failure due to leakage or thermal runaway batteries are isolated from the
nearby components by mean of sealed casings capable of both contain the leakage and to resist
the 600°C temperatures resulting from the thermal runaway.

+ C4*) Short Flight Routes get Cancelled: in contrast with many risks that have been so far re-
ported, the currentoneis an opportunity ratherthan athreat. Due to environmental reasons short-
range routes such as the one connecting Amsterdam to Brussels will be most likely be banned
soon. Ifthis risk is triggered, Futura will become more competitive on the market.3

MITIGATION: the mentioned opportunity is dependent only on political decisions external to the
development of Futura. It follows consequently that no mitigation measures can be taken to en-
hance the likelihood of this risk to occur.

+ C5%) Futurais not Profitable: A Return Of Investment of 10% is expected in 9 years, assuming
Futura manages to take 10% of the current helicopter market share. However, the risk of not
achieving this goal due to the growth in the number of competitors would make Futura not prof-
itable. Another cause which would reduce the margin of profit is related to the customers being
sceptical about the technologies implemented: although hydrogen as a fuel source for commer-
cial aircraftis currently an object of research, no commercial hydrogen aircraft are now available
on the market. Therefore it is possible that customers prefer investing in proved kerosene pow-
ered solutions. The impact of this risk would be critical since the realisation of this event would
translate into a failure of the project.

MITIGATION: The Return of Investment is closely related to the development and testing cost,
which has been estimated to be 335 million euros. Such estimate already includes a safety factor
of two as explained in chapter 12, and it represents, therefore, an implicit mitigation measure by
itself. Furthermore, to push more investors to invest in this project, European governments shall
take the first step, such that the investors themselves will have to share a lower risk.

* 06*) Entering the Dead Man Zone during Operation:— For each helicopter combinations of
heights and velocities exist defining the so-called dead man curve such that autorotation can be
performed in case of engine failure. The critical consequence of this risk is, therefore that, be-
ing the conditions for autorotation not met in this area, a safe autorotational landing cannot be
achieved. This will consequently result in a crash with potential injuries on board or and/or the
surface. During standard operations from airport to airport, sufficient space shall be guaranteed
so that the pilot in command always has the room to safely perform a take-off or landing without
entering this dangerous zone. Therefore the likelihood of this risk is low.

MITIGATION: In regular operations, the helicopter is always expected to have enough manoeu-
vring space during take-off and landing such that a safe combination of height and speed is guar-
anteed. On the other hand, departing from a heliport at the top of a building is also an operating
condition that the aircraft will encounter. lItis, therefore, possible that the dead man triangle is
entered. In such a case, sufficient speed or height shall be gained as soon as possible. However,
no specific mitigation measure can be defined for this risk besides ensuring proper flight train-
ing: the pilotin command is indeed expected to know what the boundaries of the dead man zone

SURL https://www.brusselstimes.com/all-news/brussels-all-news/54246/dutch-parliament-wan
ts-brussels-amsterdam-flights-axed/ [cited 16 June 2019]
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are and he/she is at any time of the flight responsible for safely operating the aircraft. This risk
also highlights the importance of spending sufficient effort on training the pilots: the safety of the
aircraft depends not only on the aircraft itself but also on the way pilots can manage the aircraft.
This is especially remarkable for Futura for which only one pilot is in charge of all flying related
tasks.

» O7*) Failure of Nacelle Rotation during Operation: Being able to tilt the rotors during take-off
and landing is crucial for the successful accomplishment of these phases of the flight. A failure in
the mechanism which allows the nacelle rotation would, therefore, resultin the possibility of losing
control of the aircraft with the consequent possible crash. It has been assessed that for the V-22
Osprey, the majority of the failures during the testing period is related to the flight control systems.
This risk ranks therefore high both in terms of likelihood and impact.

MITIGATION: Two different scenarios have to be analyzed to define an appropriate mitigation
strategy. Inthefirstcase, the failure of the tilt-rotor mechanism occurs with the engine being verti-
cal or at atilt angle smaller than the maximum value for which propeller ground clearance is guar-
anteed. Since such scenariois mostlikely metduring the take-off phase, the safest solution would
betolockthe nacellein place andto performalandingwith the functioning rotor being broughtback
toitsinitial vertical position. In case the failure occurred during the cruise, with the rotor axis being
paralleltothefuselage axis, the situation would be more critical since anemergency landing would
have tobe performed without propeller clearance. Additionaltitanium swivels allowing the nacelle
rotation such as the ones used by the V22 are therefore implemented for redundancy [104].

13.2.3 Post Mitigation Risk Assessment

The mitigation measures discussed in subsection 13.2.2 are summarisedin Table 13.5. Their effectare
furthermore reported in Table 13.6.

Table 13.5: Summary mitigation measures.

RiskID | Risk \ Mitigation
Technical Risks
Implement cryogenic safety valve,
leave always the tank
atleast 15% full
Small leaks from Implement hydrogerlm detecting sensors,
T6 hydrogen tank Implement pneumatic actuators to allow
flow through the tank compartment
implement back up batteries, implement

Catastrophic

T4 rupture of the fuel tank

Battery failure

T9* . : protection safety module, place batteries
during operation e .
within casings
Commercial Risks
C4* Shortflightroutes No mitigation measure is required
getcancelled
C5* Futurg 's not Involve governments as stakeholders
profitable
Operational Risks
06* Entering Fhe dead man Ensure proper pilot training
zone during operation
or* Failure of nacelle Implement redundant swivels

rotation during operation
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Table 13.6: Post mitigation risk assessment matrix (RAM).

Likelihood & Impact | Remote (1) | Unlikely (2) | Possible (3) | Likely (4)
Catastrophic (4) T4
Critical (3) T6,T9*,07* C4,06*
Marginal (2) C5*
Negligible (1)

Conclusion

In this chapter the RAMS and Risk analysis have been addressed. It was concluded that a high
level of reliability characterise the power plant system and the overall design of Futura, although
a feasible value for the reliability of the flight control system could have not been defined. This
result is also related to the fail safe approach implemented which has a drastic impact on the
safety of the aircraft. It has furthermore been assessed that the 90% availability requirement
can be met on the basis of the estimated time required for scheduled and unscheduled main-
tenance.Concerning maintenance itself, the critical items that shall be regularly inspected are
the nacelle components and the fuel tank. Due to possible hydrogen leaks which could lead to
ignition oreven explosion, the tankitselfis object of an extensive risk analysis, as aresult of which
several mitigation measures are adopted. Among them, optic fibre sensors are implemented
to detect hydrogen leaks and a safety valves are installed to to release gaseous hydrogen from
the tank or from the tank compartment when needed. Furthermore other major commercial and
operational risks are investigated including the opportunity that short flight routes get cancelled.




14, Future Development

This chapter addresses the post DSE activities needed to bring forward the design of Futura. The con-
ceptual design phase completed in this project is going to be followed by other development phases:
section 14.1 outlines the logical steps in development that are needed to bring the development of the
aircraftforward. A particularfocus is placed on the initial phase of the development (Early configuration
and Market Analysis phase) for which the logical sequence of actions has been outlined in Figure 14.1.
In section 14.2, eventually, the timeline that has to be followed to complete the different development
stages of the aircraft is shown.

14.1 Project Development Logic

Throughout this report, the conceptual design of Futura has been presented. The design presented
in this report, however, is only the beginning of a development project which, to lead to the prototype,
has to follow several other phases. The development cycle of a civil aircraft can be divided into three
main phases: development, component testing, and flight testing. The development phase, how-
ever, can be decomposed in the other three sub-phases: Early Configuration and Market Analysis,
Product Definition and Detail structural, systems, and process design [147]. The timeline of Futura’s
airframe encompasses eight years: after the eighth year, the first aircraft will be delivered. The post-
DSE activities are those concerning the 12 months of the Early Configuration and Market Analysis
phase.

The logic of the activities included in this part of the aircraft development have been explored and pre-
sentedin Figure 14.1. The activities have been grouped into inputs, outputs, and outcomes: the inputs
are the set of objectives that have to be completed; the outputs are the sequence of activities which
allow to reach such objectives; the outcomes deriving from reaching the objectives are presented in
the short, medium and long term. On top of reaching a higher level of detail in designing the config-
uration, two fundamental objectives of this phases are the development of a business plan and the
complete identification of a timeline related to the development of the battery pack. The first one is
essential to make sure that the product is going to be profitable in the future, while the second one is
crucial to go through an active product definition phase. In the short run, the final concept configura-
tion should be obtained to obtain the government funds needed to go through the product definition
phase.

Thefollowing phases are also fundamental since they will define the aircraft characteristics much higher
level of detail. One key phase of the cycle is the product definition: in this phase, three equal design
cycles are included thanks to which finalaerodynamic and control and stability characteristics will be ob-
tained thanks to repeated wind tunnel tests. These cycles will allow to converge to final results concern-
ing the aerodynamic and stability properties of the aircraft. The product definition phase is going to be
followedbythe detailed structural, systems and processdesigninwhichthe complete CAD models ofthe
aircraft will be produced as well as the simulations needed to predict the aircraft performances. Eventu-
ally,themanufacturingandlogistics processisalsogoingtobe precisely defined, andthe basisforthe air-
craftcertification willbe established to obtainitbefore thefirstdelivery. The developmentphaseofFutura
willbefollowed by the componentstesting phaseinwhich systemswillbeinstalled, and staticand fatigue
tests will be completed. Eventually, the last phase of the development is made by the flight tests which
arenecessarytovalidate the performance characteristics ofthe aircraft. Thetime orderofthe activities of
the complete developmentcycleis presentedin section 14.2 based on typical developmenttimes[147].
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Figure 14.2: Project Gantt chart for post-DSE activities.



15, Conclusion and Recommendations

15.1 Conclusion

This paper has presented the design for Futura, a hydrogen electric aircraft with VTOL capabilities. In
chapter 2 it was found that the market opportunity of Futurais intra-city and inter-regional hub connec-
tions. The ever-increasing number of passengers in the air transport network has encouraged the use
of small airports that need to be better connected to the main hubs. A mission profile based on a flight
from Amsterdam to Brussels, approximately 300 km is developed. In chapter 4 it is determined that
liquid hydrogen is optimal for Futura, with a refuelling time of 26 minutes for 14.30 kg of liquid hydrogen,
estimated in the future to be price at about 10.72 € /kg for a total cost of 153.3€ for a full refuel. The
current cost for 300 km helicopter mission is at about 227€. Combined with battery recharging this re-
sultin a total refuelling cost of 182€. The total procedure, including engine shutdown, disembarkment,
mechanical checks, refuelling, cleaning, boarding the passengers and starting up the aircraft takes 50
minutes.

In chapter 5 the wing is sized according to its loading. Itis found that the design space is constrained
by the stall speed and the manoeuvring performance resulting in an optimal wing area of 21.035 m?.
Subsequently, the NACA 23018 air-foil is chosen to shape the wing due to its large enough thickness
to chordratio. Finally, the aspectratio is found to be 5.258. As a result of the restrictions of the radiators
on the wing, only flaps can be used as high lift devices, whilst simultaneously acting as ailerons. An
operational envelope is created for the flight of Futura. This takes into accountloads in both vertical and
horizontal flight by CS-23 and CS-29requirements. The largestload factor possible on the aircraftis 3.8
while the most negative cannot be 0.4 times the maximum load factor. To provide a safe and comfort-
able flight experience, a cabin design is carried out. The cabin is designed by minimising accessories
while not sacrificing comfort. The aircraft will boast continuous glass windows, which is made possible
by the lack of a need to pressurise the cabin. The cabin width is 1.48 m and the heightis 1.4 m. The
aircraft has the main door and an emergency door. With a cabin configuration set, a fuselage design
is carried out. In addition to the wing, the fuselage is also a lifting member. The fuselage is designed
in the shape of an airfoil to provide lifting capabilities. The airfoil for the fuselage design was selected
to conform to the interior cabin design and resulted in the NACA 25121. The final major aerodynamic
member of the aircraft are the rotors on the end of both wings. A study of the rotor geometry was carried
out to optimise for the lowest power required for the propulsion system throughout the flight. The final
rotor conceptual design consists of each hub having 3 blades with a radius 0f4.415 m and a linear twist
of 18°C.

In chapter 6 from the mission power and energy required a detailed system is designed to minimise
weight. The general designing philosophy adopted is to select readily available components to min-
imise the delivery time of the product. Some components as the radiators, fuel tank and battery pack
were designed in-house to meet the particular requirements of Futura. The system consists of three
main components: fuel cell, battery and electric motors. Temperature control of fuel cells, batteries and
motors is essential for the correct functioning of these. This is done using radiators, with 50/50 ethylene
glycol solution. The total mass ofthe radiator and cooling liquid, witha pump, is 215.7 kg separated over
three radiators in each wing.

With the radiators and the tanks decided the different components of the power plant system are de-
cided. In the system, batteries supply the peak power requirements, while the fuel cell supplies more
energy. The division of the batteries and fuel cell is optimised for ratings, stack design and redundancy
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measures. Theminimum massis achieved whenthefuel stack delivers 343 kW and the batteries deliver
the rest with a capacity of 103 kWh. The reliability of the system is analysed to ensure the avoidance of
catastrophic events. Using a failure rate model and adjusting the component choices a failure rate of
3.66-10~8h~1, which allows for safe operation. With all the components selected an electric block dia-
gramis developed, combining the different components of the system through a charge/load controller
to manage loads.

In chapter 7 the landing gear is sized and positioned to avoid tipping and ensure manoeuvrability.
This resulted in placing the nose landing gear 3.4 meters in front of the centre of gravity and the main
landing gear 0.28 metres behind. Subsequently, the control surfaces are selected and designed.
For vertical control, a swashplate with cyclic and collective is used and in horizontal flight, a T-tail,
as well as ailerons, elevators and a rudder, are used. The T-tail is chosen instead of a canard be-
cause the canard cannot satisfy stability requirements for this design. The empennage size and wing
position are chosen as a function of horizontal stability and controllability and are 13% of the main
wing area and 34% of the fuselage length, respectively. For the empennage, both vertical and hori-
zontal, the NACAO0018 airfoil is used. Considering the vertical control, the swashplate is sized to ac-
commodate the different control modes as well as the relevant degrees of freedom by being flapped
and feathered. The nacelle hinges are sized for appropriate yaw control, requiring a torque of 43
Nm.

In the Aerodynamics Surface Structures, it is found that the load case on vertical hover constrains
the main wings. The wing is optimised to not reach yield strength, and have similar maximum bend-
ing stress and buckling stress. With this design method, a wing weight of 241.6 kg is found. A similar
procedure is carried out for the empennage wing structure resulting in a total empennage mass of
108 kg. Aluminium 2024 is used for its lower density and price and its excellent recycling capabili-
ties.

Concluding the designing of the aircraft, chapter 9 presents how the design has been iterated to arrive
at the overall minimum MTOW of 3925 kg. Concluding the chapter a sensitivity analysis is performed.
This shows that even if a more conservative mass values for propellers and fuselage are assumed, the
maximum take off requirement is still met.

In chapter 10 sustainability is considered in the manufacturing of all different subsystems. An im-
portant manufacturing process is a roll forming for the complex curvature of the fuselage. The main
materials used in manufacturing will be Aluminium 7075 and Aluminium 2024. An assembly plan
is developed for efficiency to allow for the production of a single product in 28 days. Sustainability
is then further developed, and it is estimated that Futuracan reduce up to 97% CO, emissions and
up to 84% in energy consumption when compared to conventional helicopters over their entire life-
time.

In chapter 12, it is found that the cost to produce the first aircraft is 7.93 M€, and the development
costis 370 M€. This leads to a break-even point of about nine years and returns on investment of 41%
after 30 years.

The risk analysis is estimated that the overall reliability of the aircraft is 0.9714 and the 90% availability
requirement is met.

With a full description of the system, market and processes, Futura is ready to move to the next stage.
Futura aims to satisfy a glaring need in the aviation sector while setting a benchmark for the future of
sustainable and accessible air transportation.
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15.2 Recommendations

Market Analysis and Return On Investment

To ensure that Futura can achieve a strong position in the future aviation market, the market analysis
needs to be performed more in-depth. This includes looking at flight routes in which Futura will be im-
plemented first and carrying out surveys with business customers. These surveys might give valuable
information for the design of Futura: its strengths can be touted, and its weaknesses can be improved
upon. Furthermore, airports need to be contacted to assess their view on their expansion possibilities
with the VTOL vehicles and their willingness to invest in VTOL infrastructure.

Based on this information, together with additional research on the design and manufacturing costs of
Future, the ROI can be updated and made more precise. Also, to meet the requirement of 2 M€ for the
prototype manufacturing, government investment options such as the Clean Sky initiative need to be
appliedfor. Finally, the analysis of the current helicopterand aircraft competitors needs to be elaborated
upon.

Aerodynamics

Regarding the Aerodynamics, in the future, an extensive Computational Fluid Dynamics (CFD) anal-
ysis of the lifting-body fuselage should be performed to have a more precise and detailed study of the
aerodynamic properties like lift and drag, because the DATCOM method used until now uses formulas
based on statistics from the previously designed aircraft and is not very accurate. Atthe same way, to
have a clear overview of what the aerodynamics interaction between the rotor and the integration of the
fuselage-wing is, the same study should be conducted. Similarly, a CFD analysis of the rotor should be
performed to validate the results obtained with BEMT, as well as to provide accurate noise estimations.
These could then be further analysed with wind tunnel experiments.

Further design iterations may include additional rotor optimisation by including sweep in the wing tips.
This reduces the wing tip Mach number and could have two possible benefits: noise reduction or power
reduction. This analysis could furtherimprove the aerodynamic performance of the aircraft.

Power Plant

The fuel connection between the fuel tank and the fuel cell should be performed. In particular, it should
include a heat exchanger to evaporate the fuel before it reaches the fuel cell. This will be done by using
the warming power of the fuel cell cooling system concerning the cryogenic fuel.

To allow for this new heat exchange action and to connect the radiators to the analysis of the com-
ponents of where to run the coolant lines in the aircraft should be performed. This, combined with
the mechanical connection of the radiators to the wing, will finalise the design of the cooling sys-
tem.

Weight of electric cables depends on the current set to flow through them. High currents require wider
and so heavier cables. To minimise the weight of these, a trade-off between at which voltage and at
which current power shall be delivered has to be performed. Furthermore, the weight of cables is also
dependent on their length. It shall be analysed what is the effect of positioning the components on the
length and weight of the cables. This two measures applied simultaneously will help to contain cables
weightand bring the power plant design as a whole to a new optimum.

Stability and Control

The Stability and Control system of Futura sees margins of improvement on two fronts, namely the
development of an automatic system to land the aircraft without the assistance of the pilot and the im-
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plementation of a mitigation strategy in case the landing gear fails to open.

Concerns could indeed arise about the fly-ability of the aircraft; in the event, the pilot feels sick and is
unable to fulfil his duty. With sufficient time and resources, an automatic control system will, therefore,
have to be developed, allowing the aircraft to land at the nearest airport safely. The possibility to re-
motely control the aircraft from an operator on the ground has also to be investigated as an additional
mitigation measure for this risk.

Concerning the landing gear design, a belly landing both in the case of emergency gliding and vertical
landing could have fatal consequences on the structure of the aircraft if the landing gear itself fails. Due
to the possibility of battery ignition, the placement of the batteries under the cabin floor represents an
important source of concern. As a consequence, on the one hand, an emergency landing gear deploy-
ing mechanism could be designed. On the other hand, the lower part of the fuselage structure shall be
designed to sustain a load in case of belly landing to protect the batteries.

Sustainability

Because Futura’s power plant is new for the industry, the disassembly plants will have to adapt to it.
It has to be made sure that they establish a streamlined recycling process for fuel cells and batteries
with the already-identified partners, such as Umicore. The developments of the chemical-based fibre
extraction process for thermoset composites will be monitored. As they become more mature, they
should be preferred over downcycling to lower-value applications.

Noise emissions will be calculated and tested to ensure compliance with ICAO regulations. At the first
stage, CFD will be used to optimise the blade design in terms of noise emissions. At the second stage,
wind tunnel experiments will validate the results.
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