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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 asa solution to crowdedairports 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 inmobilitymust 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-
pletelybuild largenewrunways. Themost importantstakeholders inaddressing thisneedare theclient,
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.
Competitors in themarketconsistofshort-haul flights,whichare limited inefficiency, taxis,whichare lim-
itedbypriceandenvironmentandpublic transportation,which is limitedbycomfort andconsistency. To
maximise theutility of Futura, themarket is segmented into smaller parts consistingof businessclients,
traditional operations, emergencyoperations, humanitarianwork, lawenforcement andoffshore. With
these differentmarkets, the share that Futurawill operate inwill be limited to 1% in the first year but has
the potential to increase to 10% by six years. Themajor disadvantages which are posed to Futura are
the limited range, dependency on small hydrogen suppliers, specific infrastructure, and uncertainty in
anewmarket. However, therearea largeamount of benefits that drive theneed 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 performamission and tomitigate the safety concernswith a novel power plant system, such
as a rigorous tank design. The three pillars of the design consist of a Novel Power Plant Design, Opti-
misedAerodynamic andPropulsion design andSustainable IntegrationDesign. As aviation produces
5% of global greenhouse gas emissions, a Sustainability Development Strategy was developed to sit
at the coreof thedesignprocess. This strategy is present throughproduction, operationandend-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
designspace. However, thedesignprocess considers the longest route themost 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. It is determined that
liquid hydrogen is optimal for Futura,with a refuelling timeof 26minutes for 14.30 kg of liquid hydrogen,
estimated in the future tobepriceatabout10.72€/kg fora totalcostof153.3€ fora full refuel. Combined
with battery recharging this would result in 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. Themost efficientmanner is to place
the landingsitesnear terminals foreasyconnectionbetweendifferentairports. A turnaroundprocedure
is developed to ensure a 1-hour time frame. The total procedure, including engine shutdown, disem-
barkment,mechanicalchecks, refuelling,cleaning,boardingthepassengersandstartinguptheaircraft
takes 50minutes.

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 themanoeuvring performance resulting in an optimal wing area of 21.035m2. 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 optimumwing 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 byCS-23 andCS-29 requirements. The largest load factor possible on the aircraft
is 3.8while themost negative cannot be 0.4 times themaximum 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
glasswindows,madepossibleby the lackof theneed topressurise thecabin. Thecabinwidth is 1.48m
and theheight is1.4m. Theaircraft hasamaindoorandanemergencydoor. Withacabinconfiguration
set, a fuselage 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 theNACA25121 airfoil.

The final major aerodynamic member of the aircraft are the rotors on the end of both wings. A study
of the rotorgeometrywascarriedout tooptimise for the lowestpower required for thepropulsionsystem
over thecourseof the flight. Todo thisbladeelement theorywasemployed. Eachhubhas3bladeswith
a radius of 4.415m 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
timeoftheproduct. Thesystemconsistsofthreemaincomponents: fuelcell,batteryandelectricmotors.
It is essential to control the temperature at which they operate. This is done using radiators, with 50/50
ethylene glycol solution. The totalmass 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
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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 1.12m. 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 redundancymeasures. Theminimum
mass is achievedwhen the fuel stack delivers 343 kW and the batteries deliver the rest with a capacity
of 103 kWh. The reliability of thesystem isanalysed toensure theavoidanceof catastrophicevents. By
usinga failure ratemodel andadjusting the component choices, a failure rate of3.66⋅10ᎽᎺℎᎽᎳ 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
to3925 kg. With thecomplete sizingof the technical designcompletemodelsof theexterior and interior
are developed to ensure that the complete system fits together.

Tounderstand theconnections in thesystem,acommunication flowdiagram isdeveloped, 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 anddata 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 aremademore conservative compared to the rest of the design. It is seen
that the same requirements as before are still satisfied. Amass budget is carried out to ensure that the
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Figure 2: Futura’s overall configuration.

mass isconsistentover thewholesystem,andresourcebudget is thoroughlychecked. 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 aremet.

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. Themain parts and the large structural members are
done in-house, suchas the fuselage, thewingsand theempennage. Sustainability is considered in the
manufacturing of all different subsystems. An importantmanufacturing process is a roll forming for the
complex curvature of the fuselage. Themainmaterials used inmanufacturing will be Aluminium 7075
andAluminium2024. Anassemblyplan isdeveloped forefficiency toallow for theproductionofasingle
product in 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 COᎴ 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 COᎴ and en-
ergy are saved: it is found that Futura has a reduction in 97% in COᎴ emissions and 84% in energy
consumption over its entire lifetime when compared to conventional helicopters. This can be seen in
Table 1.
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Table 1: Life cycle assessment of Futura and H145.

CO2
Emissions [ton]

Energy
Consumption [MJ]

Stage Aircraft Futura H145 Futura H145

Production
Material
extraction

39.4 20.3 6.06⋅10Ꮇ 2.93⋅10Ꮇ

Manufacturing 4.24 1.88 5.55⋅10Ꮆ 2.5⋅10Ꮆ

Operations
Fuel production,
transportation 4.36⋅10Ꮅ 5.05⋅10Ꮅ 2.10⋅10Ꮊ 5.16⋅10Ꮉ

Combustion 0 1.27⋅10Ꮇ 0 1.3⋅10Ꮋ

End-of-Life
Process 9.72⋅10ᎽᎳ 8.96⋅10ᎽᎴ 6.81⋅10Ꮃ 1.28⋅10Ꮅ

Potential −124 −9.87 −7.14⋅10Ꮅ −1.54⋅10Ꮇ

Total 4.28⋅10Ꮅ 1.32⋅10Ꮇ 2.11⋅10Ꮊ 1.35⋅10Ꮋ

Difference −96.8% −84.4%

With these processes defined the costs and return on investment are detailed. The approximate de-
velopment cost is 182M€ for the entire system. To test the aircraft, an approximate cost of 2.62M€ is
found for both flight tests and system tests. For the prototype it was projected that a cost of 5.44M€ is
required,meaning that an external investor such as the government orCleanSky initiative, parties that
interested in sustainability, are required. Comparingwith competitors, it is clear that Futura is cheaper,
can takehigher payloadandhasa larger cruise speed, apart from theobviousbenefits in greenenergy.
With an analysis of the competitors in themarket, a selling price of 8M€ is set. The cost to produce the
first aircraft, at 7.93M€, and full development cost, with a safety factor, of 370M€ 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 onwith the product definition design
phase. With a full description of the system,market and processes, Futura is ready tomove to the next
stage. Futuraaimstosatisfyaglaringneed in theaviationsectorwhilesettingabenchmark for the future
of sustainable and accessible air transportation.
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viii List of Symbols

List of Symbols

Symbol Description Unit
ᎎ Angle of Attack °
ᎎᎲᑝ Zero Lift Angle of Attack of the Airfoil °
ᎎᎲᑃ Zero Lift Angle of Attack of the Wing °
ᎎᑤᑥᑒᑝᑝ Stall Angle of Attack °
ᎎᑥᑣᑚᑞ Trim Angle of Attack °
᎙ Air Viscosity kg(sm2)Ꮍ1
ᎏ Prandtl-Glauert Compressibility Correction Factor ዅ
ጂᎎᎲᑃ Variation of the Angle of Attack due to the Presence of

the Flap
°
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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
securea long termmarketshare,manufacturershave topropose innovativedesigns that relyon 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.1 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. It is 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.
Thedesign 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 optimumchoice 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-
tailedplanforoperations ispresentedinchapter4. Theengineeringdesignbeginswithaerodynamics in
chapter5,as thewing loadingandwingdesigncanbeperformedfromthemissionprofile. Fromthemis-
sionrequiredenergyandpower,anoptimalpowerplant isdesignedinchapter6. This includesindividual
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 designof all aerodynamic surfaces is executed in chapter 8. Withall sub-systemssized, their
integration is achieved by checkingmass and volumeconstraints as shown in chapter 9. The design of
eachsub-systemisiteratedmorethanadozentimestomeetall requirementstoobtainafinalconceptual
design. Fromthegivenmassandmaterialbreakdown,amanufacturingplan ispresented inchapter10.
With theentire aircraft’s life cycle defined, its sustainability is evaluated in chapter 11. Also,with all sub-
systemssized, thecostof theaircraft and the returnon investment isdetermined inchapter12. 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
presented inchapter14. Lastly, the report isconcludedwithanoverviewof themajordesignoutcomes.

1URL http://europa.eu/rapid/press-release_MEMO-11-857_en.htm [cited 19 June 2019]
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2. Market Analysis

Amarket analysis is necessary as the success of the project is not based purely on the performance of
Futura. Indeed, it is determined by themarket inwhichFuturawill operate aswell. An essential param-
eter in this equation is the concept of supply anddemand: without thenecessarymarket demand for an
innovative transportationmode, the projectmight 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,marketsegmentationwillbeperformedinsection2.4 to identifypotentialmarkets
and to estimate what the future market share of Futura could be. Finally, based on all the gathered in-
formation, a SWOTanalysis will be carried out to evaluate Futura’smarket 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.1 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.2 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.3 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,whichare thepermission touse theairport’s terminalsand runways, playacrucial role in this chal-
lenge4: these slots are implementedat airportswhen theavailable supply exceeds thedemand, andat
major airports, such as London Heathrow, runway throughput is usually the constraining factor.5 The
simplesolutionseems toexist of buildingnew runwaysand terminals. However, a significant amountof
resourcesneeds tobe invested toachieve this target. Besides, severalmajor airportsare located in the
neighbourhoodof largecities,whichmakesexpansionarather trickyprocess [4]. Therefore,alternative
solutions will have to be found to deal with the capacity crunch that major European airports are facing
today, andVertical Take-off & Landing (VTOL) capabilitiesmight play a crucial role in this challenge.

1URL totheEU’sGDP [cited 19 June 2019]
2URL http://europa.eu/rapid/press-release_MEMO-11-857_en.htm [cited 19 June 2019]
3URL 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]

4URL https://aci.aero/about-aci/priorities/airport-slots/ [cited 19 June 2019]
5URL 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 peoplewho 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, it is
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 thenecessary resources for theproject andexpect 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: Theybuy theFutura fromtheclientsandare thereforevital to thesustainabilityof the
entire project. Without their acquisitions, the projectwill not be able to continuedue 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: An important 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 andwhen.

• 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: ThesustainabilityaspectofFuturaalsoappliestolocalcommunities: itmust
beensuredthatFuturawillnotdisturbthesecommunitiesbasedonnoiseandair traffic. Therefore,
it is crucial to invest in 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 inmarket 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.
Thismeans that a positive connectionwith themedia is essential to attract customers.

• EU:Asdiscussed insection2.1, theair transport sector isavital contributor to itsGDP.Therefore,
it is reasonable to assume that theEUcouldmake some investments in Futura to retain andeven
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 bemore (minor) stakeholders, but thesewill not be considered in this report.



4 2.Market Analysis

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 threemain transportation competitors currently exist for Futura:
flights, taxis, and public transportation such as trains and metros. These will be discussed in subsec-
tion 2.3.1, 2.3.2 and 2.3.3 respectively.

2.3.1 Flights

Flightsareoneof the fastestways 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.6 To get more insight in the predictedmarket 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

Public transportation is, ingeneral, a veryaffordableway forpassengers to reach their destinationsand
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 thewholemarket 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 predictionwill bemade as towhatmarket 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 Futuramight be used. Therefore, a complete list of potential
markets is given below to show the client all the differentmarket 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 leadingmarket Futura is targeting.

6URL https://www.thebulletin.be/proposal-cancel-flights-between-brussels-and-amsterdam
[cited 19 June 2019]
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• Traditional Operations: Of course, Futura can be used for traditional operations provided by
airlines as well. This can especially be interesting for airlines whowish to increase their connec-
tivitywithmajor congestedairports, asFutura doesnot necessarily need to use theairport’smain
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.6 Futura is designed for short-haul flights and
has a strong focus on sustainability, creating the opportunity to take over thismarket.

• EmergencyMedicalServices (EMS):Due to thecombinationofFutura’sVTOLcapabilitiesand
highcruisespeed, critical passengerscanbe transported fast toand fromairports. Also, itsVTOL
capabilities can be used to reach congested or remote areas that other transportation modes
cannot reach.

• HumanitarianWork: Places that have been hit by severe catastrophes likemeteorological dis-
asters or war and are difficult to reach for traditional transport vehicles can be provided with im-
mediatesupport byFutura. Thesesupport activitiescanbe tosupply foodandwater, savepeople
fromdangerous places, etc.

• LawEnforcement: 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.7 As part of
these drilling rigs is located offshore, transportation to and from themainland has to be provided,
and helicopters are usually the only feasible option in this case: they transport workers, perform
search-and-rescuemissionsandprovide thenecessaryEMS.Futuracanoffer thesameservices
as thesehelicopters, and they canevenbeused for offshore renewableenergyproductionplants
suchaswind farms. However, toprotectFutura from thesemarineconditions, corrosion resistant
coatingwill need to be appliedwhere necessary [8].

• Military:With theV-22 in useand theV-280under development, it is clear that themilitary seesa
clear advantage in theuseof tiltrotor aircraft for their operations: critical locations canbe reached
in a fast way, and the tiltrotor can take off and land at virtually every area. Also, Futurawill be able
to transport both troops and supplies necessary for anymission.

For several of thesemarkets, adjustments have to bemade 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 thismatter.

2.4.2 Market Share

Due to the VTOL capabilities of Futura, the achievablemarket 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 amajor competitor of Futura.8

AsFutura isnewinthemarketandusesinnovativetechnology, it isexpectedthatFuturawillonlyachieve
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, themarket 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.
7URL https://essentrapipeprotection.com/rigs-around-the-world/ [cited 19 June 2019]
8URL https://www.airbus.com/helicopters/key-figures.html [cited 19 June 2019]

https://essentrapipeprotection.com/rigs-around-the-world/
https://www.airbus.com/helicopters/key-figures.html
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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 projectmay 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 thecompanythat influencetheprojectbutcannotbecontrolled. However, thecompanycanuse
the advantages ofOpportunities and try to protect itself against the Threats.9 Besides, it is evident that
Strengths andOpportunities are positive factors whileWeaknesses and Threats are negative factors.

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
airportsgettingcongested, thesustainabilityof thisgrowth isendangered. Therefore, innovative
solutions need to be found to solve this serious problem. Stakeholders of this challenge include
theEU, airports, customers, and the environment. Severalmarkets for Futura have discovered:
traditional and business operations are possible, but other potential markets such as EMS and
offshore serviceswereexploredaswell. Basedon theVTOLcapabilitiesand 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 themarket. 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 areweaknesses of the project.
A significant opportunity is the possibility to use government investment to provide funds for the
project, but uncertainty in themarket share can pose a threat to the sustainability of the project.

9URL https://www.liveplan.com/blog/what-is-a-swot-analysis-and-how-to-do-it-right-with-e
xamples/ [cited 19 June 2019

https://www.liveplan.com/blog/what-is-a-swot-analysis-and-how-to-do-it-right-with-examples/
https://www.liveplan.com/blog/what-is-a-swot-analysis-and-how-to-do-it-right-with-examples/


3. Design Approach

Having outlined themarket 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
resultsobtainedup to the finaldesignphasearesummarised insection3.2. Theengineeringobjectives
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
section3.6 tohighlightwhichexpertswere involved in thedesignprocedure. Eventually thesustainable
development strategywhich dominates the design is presented in section 3.5.

3.1 Requirements

The requirements thatFuturahas tomeetwereestablished, analysingall the requirements imposedby
the customer and producing with derived ones. However, at the same time, the following list includes
also somederived requirements based on other driving characteristics that the aircraft shall have. The
customerrequirementsareindicatedwithFutura-TECH-VCMandFutura-TECH-VCS, theyincludere-
spectivelyall thesystemmissionandcapabilities requirements,while theFutura-CONS-SUS includes
the sustainability requirements and finally Futura-CONS-RES includes the resources requirements.
Onlythecustomerrequirementsandthemost important requirementscomingfromthemarelistedhere.
Then, in section 9.8, all these requirements will be examined and verified if they aremet.

1. Futura-TECH-VCM-1 The range shall be at
least 200 km.

2. Futura-TECH-VCM-2 Themaximumspeed
shall be 400 kmhᎽ1.

3. Futura-TECH-VCM-3 The cruise speed
shall be at least 350 kmhᎽ1.

4. Futura-TECH-VCM-4 Futura shall achieve
vertical take-off and landing (VTOL)capabil-
ities.

5. Futura-TECH-VCM-5 The payload shall be
at least 900 kg.

6. Futura-TECH-VCM-6 The maximum take-
offweight (MTOW)shallnotexceed4000kg.

7. Futura-TECH-VCM-7 The service ceiling
shall be of at least 1500m.

8. Futura-TECH-VCM-8 Futura shall have, at
maximum, a 1 h turnaround time.

9. Futura-TECH-VCM-9 Futura shall have
90% availability, by considering the time re-
quired for other scheduledandunscheduled
maintenance.

10. Futura-TECH-VCS-3 Futura shall use hy-
drogen as source of energy.

11. Futura-CONS-RES-1 Thedesignandman-
ufacturing cost of the first prototype shall not
exceed 2million€.

12. Futura-CONS-RES-3 The cost of refuelling
a full tank shall not exceed 345€.

13. Futura-CONS-SUS-5 Futura shall not pro-
duce any emissions other thanwater.

14. Futura-CONS-SUS-12 All parts shall be
assignedasustainableend-of-life (EOL) so-
lutionamong reuse, re-manufacturing, recy-
cling or downcycling.

3.2 Design Overview

The design development of Futura came about with a market analysis: this was necessary to identify
theneed foranewaircraft thatwouldquicklyconnectairport hubsasoutlined inchapter2. Thisanalysis
was the fundamental pillar of thedesign,whichgreatly influencedall otheraspects: fromanoperational
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 flowand functionalbreakdownstructureswhichareshown inAppendixA.
Thesewereusedasaguide in identifying themain 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
to focus itsdesignona tilt-rotoraircraftpoweredbyacombinationofa fuelcell andbatteries. Thedesign
was chosen since it was the one which would have allowed to meet the requirements on MTOWwhile
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.
On theonehand, theaircraft systemsaredesigned tomeet thecustomer requirementsonperformance
summarised in section3.1. Todoso, the team’sobjectivewasoptimisingboth theaircraft aerodynamic
and the newpower plant and propulsion system finding the right combination between the fuel cell and
batteryusageandoptimising the rotor design. Also, itwas important to investigate thestructural design
of themost critical component of the aircraft froma safety point: the fuel tank.
Ontheotherhand, itwascrucialtoexploretheoperationalcharacteristicsoftheaircraftfurthertotakeinto
considerationall the infrastructure needed tooperateFutura. Furthermore, it wasnecessary to identify
inmoredetail theoperational limits and themissionprofile thatFuturawouldhave flownwithin. Eventu-
ally, itwascrucial toanalysefurthertherisksassociatedwiththeaircraftdesignandoperationwhilekeep-
ing sustainability at the heart of the engineering choices. All of these aspects are covered in this report.

3.3 Innovative Approach

Futura’sdesignwants topush theengineeringboundaries toprove that it ispossible toobtaina fullysus-
tainable, high performing, and cost-effective aircraft. Tomake this possible, innovative design choices
were taken in several aircraft’s systems based on engineering ingenuity and novel technologies. The
engineeringdesign isbasedon threepillars: aNovelPowerPlantDesign,anOptimisedAerodynamics,
andPropulsionDesign and Integral SustainableDesign.
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 progressivewing 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
over drag ratio of theaircraft as it canbe further explained in section5.4. Furthermore, thedesignof 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

Theconceptualdesignofmanysystemshadtobecompleted in this finalphase. Theengineeringanaly-
sis of different systemswascompletedmaking sure that the systems’ interdependencewere 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-
straintsmade by the design departments.
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Figure3.1showsthelogicbehindFutura’sengineeringdesignfromamacroscopic level. Firstly thewing
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Figure 3.1: Futura’s design logic.

loadingandpower loadingdiagramhave tobeproduced to identify thedesignpoint of theaircraft based
onasetofaerodynamicdesiredcharacteristics. Then thewingcharacteristicsare further specifiedand
improvedbasedontheairfoil choice. In thismanner, thewingdesign iscompletedandusing themission
profilecharacteristics, thrustandvelocityareobtainedfordifferentflightphases. Withtheseparameters,
the rotor geometry has been optimised, and the power required at different flight phaseswas obtained.
Hence the power plant’s characteristics could be calculated deriving the best combination of fuel cells
andbatteriestocompletethemission. Afterwardsthefuselageaerodynamicsisdesignedtoimprovethe
lift to drag ratioof thewholeaircraft. Eventually, theoperational envelope isobtained, and thestructural
characteristicsofthewingandempennagearederivedbeforeFutura’sgroundstability isverified. Thisis
thedesign logic that the teamfollowedtocomeupwithFutura’s finalconceptualdesign. However,going
through thisdesignprocessonlyonce isnotenough. Aseriesof iterationswerecompleted tomakesure
that thedesignwouldconvergeandtheirspecificationsaretreatedinchapter9. It is important tomention
that all the design phaseswere conducted tomeet the set of requirements specified in section 3.1

3.5 Sustainability Development Strategy

The sustainability development strategy is defined as the root of this project. As aviation represents up
to5%of greenhousegas emissions and continues to grow, it is clear that the industry needs to reinvent
itselfwithclimate-friendlyair transportation. Futura isabreakthroughemission-freeaircraft thatproves
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, encompassingmaterial extraction andmanufacturing. Both of these pro-
cesses haveenvironmental impacts in termsofCOᎴ emissions and societal impacts in termsof energy
consumption. For thematerial selection andmanufacturing plan, these aspects are evaluatedwith the
Eco-Audit tool of theCESEdupackmaterial-selectionsoftware [9]. Sustainablesolutions includeusing
bio-basedmaterials or recycledmaterial to reduce rawmaterial extraction.
TheoperationsofFuturaareexceptionallyenvironmental friendlycompared tocurrentaircraftbecause
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
newproducts to downcycling into lower-value applications, eachmaterial 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.

Avaluableresourcetheteamhasbenefitedfromisacademiaexperts. While theteamknowsaerospace
engineering, theadviceandconsultancy fromexperts in specific fields allow for amoredetailed 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,
executivevice-presidentofGreenHydrogen,wascontacted toobtainundisclosed fuel productionprice
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, andHerose for instance.
For thedesignofspecificcomponents, internationally-validatedmethodswereemployed. For theblade
design,acodebasedonarefinedversionofFroude’sBladeElementMomentumTheorywasdeveloped
[13]. The lifting-body fuselage’s aerodynamic properties were evaluated using the DATCOMmethod,
developed by the United States Air Force and theMcDonnell Douglas Corporation [14]. For the tank’s
inner shell structural design, thewell-establishedAmericanSociety ofMechanical Engineers’ code on
pressure vessel designwasused [15]. Other designelements included theories fromengineering text-
books, TUDelft 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 3DExperience in order validate the design choices.



4. Hydrogen Powered Mobility

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 performbattery 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, whichwill be explained in subsection 4.1.1.

4.1.1 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
NOTAMdatabase can be consulted by pilots. It provides a complete list of potential hazards and no-fly
zones along the envisioned flight route.1 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

It is 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.

1URL 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 2,000m and speed of 350 kmhᎽ1 will be achieved.
This means that the Futura can be compared to a conventional twin-propeller aircraft and that aircraft
routesnowhavetobeconsidered. Theseroutesaresetupanddescribed indetailbyEurocontrol,which
manages air traffic in Europe.3 Again, Futura will have to adhere to these defined flight routes and the
no-fly zones indicated byNOTAM.

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 msᎽ1. This value is also in line with the capabilities of
the AgustaWestland AW609 and also, for this reason, it was chosen [16]. The samewas done for the
horizontal velocity during the climb, resulting in a value of 60msᎽ1, 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.
3URL https://www.eurocontrol.int/articles/eurocontrol-route-network-chart-ern [cited 18 June
2019]

https://www.eurocontrol.int/articles/eurocontrol-route-network-chart-ern
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For the cruise phase, the velocity was assumed to be equal to 350 kmhᎽ1, based on the maximum
speed requirement imposed by the customer (Futura-TECH-VCM-2 ). This results in a cruise time of
2777 s for a total 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 radius4, that in London is The Shard5 with an altitude of 309.7m. 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 (3000m)6, this allows to a decrease in
thestructuralweightof the fuselageandallows touseothershapes rather than theconventionalcircular
cross-section, for this reason in Futura an airfoil shape is used. However, at the same, this altitude al-
lowsalso in a decrease in the power required during the cruise, since for a propeller aircraft it increases
increasing the altitude.

Regarding the descent phase, the rate of descent is set to be equal to the rate of climb (8msᎽ1), also
for the horizontal velocity, again equal to 60msᎽ1. 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’smission profile is the stall speed. In fact, in
anemergency landingsituation, theaircraftpresents theability toglideasanaircraft. 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.

𝑅ᑝᑒᑟᑕᑚᑟᑘ=
(𝑑ᑒᑚᑣᑓᑠᑣᑟᑖ−

ᑙᑤ
ᏰᏝᏪᒈᑒ

)
sin𝛾ᑒ−1+cos𝛾ᑒ

(4.1)

The airborne distance and the screen height were found to be on average 435 and 15.24m 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
(Δ𝑛ᑝᑒᑟᑕᑚᑟᑘ) of 0.15 [18].

𝑉ᑒᑡᑡᑣᑠᑒᑔᑙ=√𝑅ᑝᑒᑟᑕᑚᑟᑘ ⋅Δ𝑛ᑝᑒᑟᑕᑚᑟᑘ ⋅𝑔 (4.2)

Eventually using the relationship𝑉ᑤᑥᑒᑝᑝ=
ᑍᑒᑡᑡᑣᑠᑒᑔᑙ

Ꮃ.Ꮅ the stall speedwas found to be 50msᎽ1 [19].

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

5URL https://en.wikipedia.org/wiki/List_of_tallest_buildings_in_Europe/ [cited 18 June 2019]
6URL https://en.wikipedia.org/wiki/Cabin_pressurization/ [cited 18 June 2019]
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https://en.wikipedia.org/wiki/Cabin_pressurization/
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Figure 4.2: Futura mission profile.

4.3 Hydrogen Refuelling

Liquid hydrogen (LHᎴ) is one of themost promising fuels of the future: it is the cleanest renewable fuel
currently available, as it produces zero emissions while running, and has a high energy-to-weight ra-
tio.7 However, producing LHᎴ is a rather difficult process as gaseous hydrogen (GHᎴ) 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 LHᎴ will be analyzed in subsection 4.3.3. Finally, the exact procedures for the refuelling
of Futurawill be explained in subsection 4.3.4.

4.3.1 Production of GH2

There are three main ways to produce GHᎴ: 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 GHᎴ. The pro-
cess consists of converting alcohols and hydrocarbons into hydrogen by use of chemical processes.
As canbe seen in Figure 4.3, the primary energy sources are natural gas, oil, and coal. However, when
converting these products into hydrogen, emissions such asCOandCOᎴ are released during the pro-
cess, which conflicts with the sustainability requirement of Futura [20]. Therefore, this GHᎴ production
methodwill 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 theGHᎴ in high amounts. Furthermore, just like in the firstmethod,
COᎴ is produced throughout the process, which clashes with the sustainability requirement of Futura
[20].

The lastprocess iselectrolysis, inwhichwater isbrokendown intooxygenandhydrogenwithelectricity.
The most important advantage of this method is that no emissions are produced during the process,
7URL https://sites.google.com/site/liquidhydrogenvsfossilfuels/the-advantages-and-disad
vantages-of-liquid-hydrogen [cited 18 June 2019]

https://sites.google.com/site/liquidhydrogenvsfossilfuels/the-advantages-and-disadvantages-of-liquid-hydrogen
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Figure 4.3: Processes for the production of GHᎴ [20].

provided that theelectricity is generatedby sustainable energy sources suchas solar andwindenergy.
Themain drawback, however, is that the production cost is higher than other methods: approximately
3.5€/kgGHᎴ (as statedby the companyGreenHydrogen in personal emails, June152019) compared
to 1.5 €/kg for GHᎴ produced from fossil fuels. These values are based on centralised production,
meaning that theGHᎴ is produced off-site at a specialised company [20].

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

4.3.2 Liquefaction of GH2 to LH2

Ashydrogenappears in gaseous format ambient temperature, it needs to be cooled down to a temper-
ature of 20 K (or -253 ∘C) to obtain LHᎴ. This requires a significant amount of energy, and part of the
hydrogen is lost through evaporation, also known as boil-off of LHᎴ.8 In order for the Futura tomeet its
sustainability requirements, thenecessaryenergy for thisprocessagainhastobeobtainedfromrenew-
able energy, such as solar orwind energy. The liquefaction of the hydrogen is an extremely crucial pro-
cesswhich isnecessarytotakeintoaccountalsofromacostpointofview. Currently theenergyto liquefy
hydrogenisestimatedtobe11kWkgᎽ1 [21]. Thecostofsuchenergyprocessisdependentontheenergy
sourceused. For this application, anaverageof thecurrent renewableenergyprices is calculated tobe
0.19 $ basedon Irena 2018 report [22]. Hence, the cost of hydrogen liquefaction can be calculated and
consequently thepriceatwhichhydrogen liquefactioncanbepurchased: assumingaproducerprofit 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 LHᎴ.

4.3.3 On-site or Off-site

There are two main options to produce LHᎴ 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 LHᎴ independently. This means that if an LHᎴ producer decides to increase its
8URL https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery [cited 18 June 2019]

https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery
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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 LHᎴ production facilities: these “packages” can already be
bought today, and thus no additional resources have to be used to develop the LHᎴ production tech-
nology.9 However, the disadvantages of producing LHᎴ 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 GHᎴ 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 bemaintained as well. A serious risk is thus taken when choosing for this
option: should LHᎴ 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 LHᎴ to fuel the hydrogen-electric rotorcraft before investing in expensive production facili-
ties.

The second option is to obtain the LHᎴ from off-site production. This can be achieved by buying LHᎴ
at specialised producers, such as Linde, and transporting it to the airport.10 The main advantage of
this option is that no LHᎴ production facilities have to be built on-site, meaning that the implementation
of LHᎴ refuelling can be done rather fast and cheap compared to the on-site production option. How-
ever, dispensing facilitieswill still need to be built to be able to refuel the Futura, and LHᎴ transportation
from the production companies to the airports will come with an extra cost. This transportation can be
done by the use of LHᎴ tanker trucks or by use of existing hydrogen pipelines.8,11 As trucks emit COᎴ,
the most sustainable option for Futura would be to transport the LHᎴ using pipelines, but building spe-
cialisedpipelines for LHᎴ is a resourceconsumingprocess,meaning that using trucks is thebest option
for short-term implementation. The risk resulting from buying LHᎴ from off-site producers is that these
producershave thepower to raise theLHᎴ pricesaccording to their needs, but this risk canbemitigated
by closing long-term LHᎴ delivery contracts with a fixed price per kg.

Another option that could be considered is semi-centralised production: producing GHᎴ off-site and
liquefying it on-site to LHᎴ. Thismeans that only the liquefying and dispensing facilities have to be built
on-site, reducing in part the risk of on-site production. Transportation of GHᎴ still has to be ensured,
but this canbedonewith existing hydrogenGHᎴ pipeline infrastructurewhich is a low-cost optionwhen
transporting large volumes.11 However, compared to the off-site production option, the disadvantage
forairportsof constructing the liquefying facilities ismoresignificant than thebenefit ofhavingabitmore
independence by liquefying theGHᎴ themselves.

Concluding, the best short-term solution is the off-site production option: the implementation of LHᎴ
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 LHᎴ industry
keepsgrowing in the future, itmightbebeneficial forairports to invest insemi-centralisedorevenon-site
LHᎴproductionfacilities,butatthismomentit isdifficult tomakeaccuratepredictionsforthefutureofLHᎴ.

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 LHᎴ hydrogen refuelling station with a delivery rate of approximately 33.6 kghᎽ1.
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 LHᎴ delivery and dispensing, excluding pro-
duction, will be around 5$/kg or 4.425€/kg in the near future [23].12 Combining this cost with the

9URL https://www.linde-engineering.com/en/plant_components/hydrogen-fueling-technologie
s/index.html [cited 18 June 2019]

10URL 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]

11URL https://www.energy.gov/eere/fuelcells/hydrogen-pipelines [cited 18 June 2019]
12URL https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rat
es/ [cited 20 June 2019]

https://www.linde-engineering.com/en/plant_components/hydrogen-fueling-technologies/index.html
https://www.linde-engineering.com/en/plant_components/hydrogen-fueling-technologies/index.html
https://www.the-linde-group.com/en/clean_technology/clean_technology_portfolio/hydrogen_energy_h2/h2_one_stop_shop/h2_production/index.html
https://www.the-linde-group.com/en/clean_technology/clean_technology_portfolio/hydrogen_energy_h2/h2_one_stop_shop/h2_production/index.html
https://www.energy.gov/eere/fuelcells/hydrogen-pipelines
https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rates/
https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rates/
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GHᎴ 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
LHᎴ.

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
in termsof transport speedand fashion; besides, they also represent the non-sustainable competitors.
To compare theaircraftmission costmoreeasily anaveragebetweenasimilar helicopter andpropeller
aircraft missionwas 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 themission 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 LHᎴ. Also, the connection between the fuel nozzle and the fuel tank
will be airtight and insulated to ensure that there will be no LHᎴ leakage, improving the safety of the
entire system. Unfortunately, no exact construction costs were found for Linde’s LHᎴ fuelling station,
but Linde promises low costs and littlemaintenance effort.9

4.4 Battery Recharging

Based on themission profile in section 4.2, themaximummission power and energy are 1,147 kW and
1,342MJ respectively. 392MJ, 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.13 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.14,15 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 thecomplete installationandmaintenanceof theSupercharger station: thismeans that theonly
cost for airports for battery recharging is the cost per kWh of 0.28€.16 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 LHᎴ refuelling 182.1€ was found, which is 19.7% cheaper than when a
traditional jet-powered airliner would perform the samemission 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 theModel 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
theModel S, the recharging time of Futurawith aSupercharger V2 is estimated to be 98min. However,
taking into account that the newSupercharger V3 can deliver three timesmore power compared to the
Supercharger V2, it is assumed that the recharging time with a V3 is a quarter of the recharging time
13URL http://www.guinault.com/en/aviation/gpu/ [cited 18 June 2019]
14URL https://www.tesla.com/blog/introducing-v3-supercharging [cited 18 June 2019]
15URL https://www.tesla.com/en_EU/support/supercharging?redirect=no [cited 18 June 2019]
16URL https://techcrunch.com/2013/07/26/inside-teslas-supercharger-partner-program-the-c
osts-and-commitments-of-electrifying-road-transport/?guccounter=1&guce_referrer_us=aH
R0cHM6Ly9lbi53aWtpcGVkaWEub3JnLw&guce_referrer_cs=DlIrHbXYtMBbawIWdJAcMQ [cited 18 June 2019]

17URL https://ev-database.org/car/1194/Tesla-Model-S-Long-Range [cited 18 June 2019]
18URL https://www.tesla.com/en_EU/supercharger?redirect=no [cited 18 June 2019]
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of the V2.14 Ultimately, this means that the Futura can be completely recharged in 25minwith a Tesla
Supercharger V3.

It is important to note that this is a roughestimation asTesla andother electricalGPUproducers are not
willing to share specific data of their products, even after contacting them. Also, the linear scaling of
recharging timeofFuturacompared to theTeslaModelSmightbeprone toerrors. Finally, thedifference
in the chemical composition of the batteries might cause a discrepancy as well. The recommendation
for the future is thus to analysewhat 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
adjustmentswill need tobemade to thecurrent infrastructure. Themost importantprocess is the imple-
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 subsection 4.5.1 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 thenstart toclimbwhilestayingoutof thedeadmanzone. Oneoption is touse 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 runwayswith a length of approximately 80m. The construction
andmaintenance 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 them19. In addition, it
is assumed that due to the small size of the parking sites andVTOL runways, the needof airport expan-
sionwill bevery limited. Therefore, a fast implementationof theseshort runways in theairport’sexisting
infrastructure can be achieved.

As theuseofFutura’sVTOLcapabilities increasesairport capacity, newterminalsandgateswill need to
be constructed to provide the necessary services to passengers. However, this process is a resource-
consumingprocesswhichmightbedifficult to implement intheshort term. Therefore,newVTOLparking
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 5m 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,

19URL 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 thenbepulled out of the groundandplugged 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 LHᎴ refu-
elling procedure of Futura: by using the LHᎴ refuelling stations of Linde and implementing the nozzle
cables into theground, theFutura canbe refuelledbypulling the refuelling nozzle out of thegroundand
plugging it into the aircraft.

Figure 4.4: Short-term vision of VTOL
sites. The circles with F represent the Futura aircraft.

Figure 4.5: Long-term vision of VTOL
sites. The circles with F represent the Futura aircraft.

Anessential factor to take into account is the position of the VTOL sites compared to surrounding com-
munities: asdiscussed inchapter2, it has tobeensured that thesedonot sufferunder thenoisecreated
by Futura. However, a study fromNASA concluded that the noise from tiltrotor aircraft such as the XV-
15 iswithin the boundaries set out by regulatory agencies: using the scales given by ICAO, the highest
noise produced byFutura can be estimated at approximately 91 dB, while amaximumnoise of 97 dB is
allowed for an aircraft with 4,000 kgMTOW [24, 25]. It must be noted that this is a rough estimation of
thenoiseemissions, andvalidationwasnot possibledue toa lackof existing rotorcraft data. Therefore,
in-depth research and testing must be performed to find the exact noise levels created by Futura and
their impact 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
aircraftwill operateasahelicopter on theground, thecurrentmarshalling techniquesof helicopters can
be used to signal Futura visually. These are clearly defined by regulatory agencies like IATA.20 Hence,
there is no need for differentmarshalling signals.

ForATMtherewill beanapparent effect: as theairportwill increase its aircraft capacity due to theVTOL
capabilitiesofFutura, theATMwill need tobeable toassist theseadditionalaircraft in landingand taking
off. Also, it isprobable thatdifferentguidingmethodswill beused forFutura-likeaircraft than forconven-
tionalaircraft tonot interferewith themain runwaysof theairport,meaning thatnewemployeeswill have
to be hired or current employeeswill 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

20URL https://www.iata.org/publications/store/Pages/marshalling-signals.aspx [cite 20 June
2019]

https://www.iata.org/publications/store/Pages/marshalling-signals.aspx
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aswater and sick bags) filled up by the on-ground personnel.

Figure 4.6: Turnaround procedure for Futura.

FromFigure 4.6, it can be concluded that the refuelling and recharging blocks take up themost 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 havebeen completed. Should the pilot notice amalfunctioning component during themechan-
ical checks, heor shewill decide if theaircraft can flywithorwithout that component: in the former case,
the turnaround and take-off procedure will continue as planned, but the aircraft owner shall be notified
of themalfunctioning component. Duringplannedmaintenance, this component can thenbe replaced.
However, in the latter case, the flight will be cancelled, and the Futura will have to get unscheduled
maintenance aswill 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 8msᎽ1 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
LHᎴ using the electrolysis process, in which it has to be ensured that the required electricity is
generatedby sustainable energy sources. Completely refuellingwill cost approximately 153.3€
andwill take 26min. 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. Noadjustmentswill need tobemade formarshalling techniques,butATMwill
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.



5. Aerodynamics

The aerodynamics of the aircraft will be presented in this chapter. This is the first step of the aircraft de-
sign, because thesizingof thewing, the rotorsand fuselage isessential for thedesignanddevelopment
of theothercomponentsandsubsystems. Firstly insection5.1, thewing isdesigned, including thewing
loadingversuspower loadingdiagram, theairfoil selection, theactualwingdesign including thehigh-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,
startingwith the airfoil selection and then the actual fuselage design processwill be explained. Finally,
in section 5.5, the rotor is designed and optimised for the different flight phases to achieve minimum
power plantmass.

5.1 Wing

Todesignandsize the fullwing, the firststep is theconstructionof thewing loadingversuspower loading
diagramwhere the wing area can be derived, then the airfoil needs to be selected, and at the end, the
wingwill be sized. Finally the high-lift devicesHLDs are sized and placed on thewing.

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
allowmeeting the performance requirements.

Thisgraphas ispossible toseeinFigure5.1 includessixcurves,eachof themcorrespondtothedifferent
performance characteristics that Futura needs, the cruise speed, climb rate, climb gradient, manoeu-
vringperformance, stall speed,and landingaredisplayed. Foranormalaircraft usuallyalso the take-off
curve is included, but for Futura is not needed since it is 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 (𝐶ᑃ)
during the climb, with the 𝐶ᑃᑞᑒᑩ 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-22Osprey [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 curvewith Equation 5.10.
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The Futura cruise speed (𝑉ᑔᑣᑦᑚᑤᑖ) is based on the requirement Futura-TECH-VCM-3 and it is equal to
97.222msᎽ1 (350kmhᎽ1),while thestall speed(𝑉ᑤᑥᑒᑝᑝ) iscomputed inchapter4and it isequal to50msᎽ1.
Futurawill flyatanaltitudeof2000msothedensity(𝜌)usedintheequationsisatthisaltitude1.007kgmᎽ3,
while,everytimethat is indicatedas𝜌Ꮂ is referringtothedensityatsealevel that isequal to1.225kgmᎽ3.1

𝑊
𝑆 =

1
2 ⋅𝜌⋅𝑉ᑤᑥᑒᑝᑝ

Ꮄ ⋅𝐶ᑃᑞᑒᑩ [19] (5.1)

TheMTOWused in the following equation is equal to the 3925 kg from the requirementFutura-TECH-
VCM-6 (multiplied by the gravitational acceleration equal to 9.80665msᎽ2) while the fuel weight (𝑊ᐽ) is
calculated in chapter 6 and is equal to 18.4 kg.

𝑊
𝑆 =

𝐶ᑃᑞᑒᑩ ⋅𝜌Ꮂ ⋅𝑉ᑤᑥᑒᑝᑝ
2⋅ᑄᑋᑆᑎᎽᑎᐽ

ᑄᑋᑆᑎ

[19] (5.2)

For the sizing for cruise speed some new parameters are needed, for example the Oswald span effi-
ciency factor (𝑒) that represents thechange indragwith lift ofa three-dimensionalwingand iscalculated
withEquation5.3,whilethezeroliftdragcoefficientofthewing(𝐶ᑕᎲ) iscalculatedwithEquation5.4where
𝐶ᐻᑔ for awing is equal to 0.007, while 𝐶ᐻᑞᑚᑤᑔ is the 15%of𝐶ᐻᑔ [28].

𝑒= 1
1.05+0.007⋅𝜋⋅𝐴 [29] (5.3) 𝐶ᑕᎲ=𝐶ᐻᑔ+𝐶ᐻᑞᑚᑤᑔ [28] (5.4)

𝑊
𝑃 =𝜂ᑡ ⋅(

𝜌
𝜌Ꮂ
)
Ꮅ/Ꮆ
⋅[
𝐶ᑕᎲ ⋅

Ꮃ
Ꮄ ⋅𝜌⋅𝑉ᑔᑣᑦᑚᑤᑖ

Ꮅ

(ᑎᑊ )
+(𝑊𝑆 )⋅

1
𝜋⋅𝐴⋅𝑒⋅ ᎳᎴ ⋅𝜌⋅𝑉ᑔᑣᑦᑚᑤᑖ

]

ᎽᎳ

[19] (5.5)

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 8msᎽ1 and is coming from themission profile, while 𝜂ᑡ
is the propeller efficiency factor and is assumed to be equal to 0.75 [30].

𝑊
𝑃 =

𝜂ᑡ

𝑅𝑂𝐶+
√(ᑎᑊ )⋅√

Ꮄ
ᒖᎲ

Ꮃ.ᎵᎶᎷ⋅ (ᐸ⋅ᑖ)
Ꮅ
Ꮆ

ᐺᑕᎲ
Ꮃ
Ꮆ

[19] (5.6)

For the sizing for climbgradient, the climbgradient is needed that is computedwith Equation 5.7where
theclimbspeedisequal to60.5msᎽ1usingthePythagoreantheoremandconsideringboth theROCand
the horizontal velocity during climb again from the mission profile, that is 60msᎽ1. Then also the drag
coefficient at climb is needed and is assumed using Equation 5.8 where 𝐶ᑃ is the climb lift coefficient
previously considered and equal to 1.25.

𝐺= 𝑅𝑂𝐶
𝑉ᑔᑝᑚᑞᑓ

[19] (5.7) 𝐶ᐻ=𝐶ᑕᎲ+
𝐶ᑃᎴ
𝜋⋅𝐴⋅𝑒 [19] (5.8)

𝑊
𝑃 =

𝜂ᑡ
√(ᑎᑊ )⋅(𝐺+

ᐺᐻᑔᑝᑚᑞᑓ
ᐺᑃᑔᑝᑚᑞᑓ

)⋅√ Ꮄ
ᒖ ⋅

Ꮃ
ᐺᑃᑔᑝᑚᑞᑓ

[19] (5.9)

Finally, the last curve is the sizing formanoeuvring performance and includes themaximum load factor
(𝑛ᑞᑒᑩ) allowed from regulations that for Futura is 3.5 fromCS-29 (large rotorcraft) [31]. SinceFutura is
a tiltrotor, it canbe considered like ahelicopter or anaircraft, so in order to find𝑛ᑞᑒᑩ, also the regulation
1URL https://www.engineeringtoolbox.com/standard-atmosphere-d_604.html/ [cited 18 June 2019]

https://www.engineeringtoolbox.com/standard-atmosphere-d_604.html/
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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
𝑃 =

2⋅𝐴⋅𝑒⋅𝜂ᑡ ⋅𝜌⋅𝜋⋅𝑉ᑔᑣᑦᑚᑤᑖ ⋅(
ᑎ
ᑊ )

𝐴⋅𝑒⋅𝐶ᑕᎲ ⋅𝜌Ꮄ ⋅𝜋⋅𝑉ᑔᑣᑦᑚᑤᑖᎶ+4⋅𝑛ᑞᑒᑩ ⋅(
ᑎ
ᑊ )

Ꮄ [19] (5.10)

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 themaximumwing lift coefficient in clean configuration.

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 themaximum 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
theMTOWwith thepower loading resulting from thedesignpoint (y-coordinate). However, thiswasnot
taken into account since, in the graph, the curve represented the take-off performancewas not plotted
as said before due to the VTOL take-off procedure of Futura. This results in an optimum wing area of
21.035m2 already considering the iterations coming from the new aspect ratio and themaximumwing
lift coefficient in clean configuration.

5.1.2 Airfoil Selection

Then, after knowing the optimumwing area for Futura, the airfoil needs to be selected. For it, somepa-
rametersareneeded, theReynoldsnumber (𝑅ᑖ), theMachnumberatcruise (𝑀ᑔᑣᑦᑚᑤᑖ), and thedynamic
pressure (𝑞).

The Reynolds number (𝑅ᑖ) is calculated with Equation 5.11 and includes the dynamic viscosity (𝜇)
equal to1.726⋅10ᎽᎷ at the cruise altitude of 2000mand the chord length of thewing (𝑐) that is assumed
to be 2m based on similar aircraft in terms of weight and number of passengers.2 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 ( ᑥᑔ), the chord length should increase. Resulting in a value of 1.134⋅10

Ꮉ.

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

https://www.engineeringtoolbox.com/standard-atmosphere-d_604.html/
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𝑅ᑖ=
𝑐⋅𝑉ᑔᑣᑦᑚᑤᑖ ⋅𝜌

𝜇 [32] (5.11)

ThentheMachnumberatcruisewascalculatedand it isequal to0.292, it iscomputeddividing thecruise
speed (𝑉ᑔᑣᑦᑚᑤᑖ) by the speed of sound that includes the cruise temperature at 2000m equal to 275.15K
adiabatic index (𝜆) equal to 1.4 for a diatomic gasses and a specific gas constant (𝑅) equal to 287.058
JkgᎽ1KᎽ1.3,4,5

𝑎=√𝑇ᑔᑣᑦᑚᑤᑖ ⋅𝛾⋅𝑅 [32] (5.12) 𝑀ᑔᑣᑦᑚᑤᑖ=
𝑉ᑔᑣᑦᑚᑤᑖ
𝑎 [32] (5.13)

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

𝑞= 12 ⋅𝜌⋅𝑉ᑔᑣᑦᑚᑤᑖ
Ꮄ [32] (5.14)

The first step in the airfoil selection is to define with Equation 5.17 the design lift coefficient of the airfoil
(𝐶ᑝᑕᑖᑤ), that is the lift coefficient at themost 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
themaximumtake-offweight (MTOW) (Equation5.15), then for thewing lift, anextra10% isconsidered
to compensate for the negative lift contribution generated by the tail to trim the aircraft (Equation 5.16)
[32]. The lift produced by the fuselage in the following equations is assumed to be negligible compared
to the lift of thewing. Indeed it is just the 5%of the total wing lift.

𝐿=𝑀𝑇𝑂𝑊 [32] (5.15) 𝐿ᑨᑚᑟᑘ=1.1⋅𝐿 [32] (5.16) 𝐶ᑝᑕᑖᑤ=
𝐿ᑨᑚᑟᑘ
𝑞⋅𝑆 [32] (5.17)

After the calculationof thedesign lift coefficient of theairfoil that is equal to 0.43, theairfoil selection can
bemade [32]. The following steps are performed to select the optimumairfoil.

1. Assume the thickness over chord ratio ( ᑥᑔ);

2. Determine the airfoil design lift coefficient 𝐶ᑝᑕᑖᑤ ;

3. For thegiven𝐶ᑝᑕᑖᑤ lookfor theairfoilwithminimumdragat𝐶ᑝᑕᑖᑤ andthewidestpossibledragbucket
around𝐶ᑝᑕᑖᑤ ;

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

5. Select an airfoil with the lowest 𝐶ᑞ possible at 𝐶ᑝᑕᑖᑤ .

The thicknessover chord ratio ( ᑥᑔ) is assumed tobe0.18, this valuewas selected to haveenoughverti-
calspace inside theairfoil toallowthestorageof theradiators thatare11.2cmheightwithoutconsidering
all the structural connections, the mechanism that open the wing surface during take-off and the con-
nectionsbetween them. Considering the2mchordchosenpreviously, this results inamaximumheight
for the airfoil of 36 cm. An advantage of a thick airfoil like this is the required lighter structure of thewing
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,
3URL https://www.engineeringtoolbox.com/standard-atmosphere-d_604.html/ [cited 18 June 2019]
4URL https://en.wikipedia.org/wiki/Heat_capacity_ratio/ [cited 18 June 2019]
5URL https://en.wikipedia.org/wiki/Gas_constant/ [cited 18 June 2019]

https://www.engineeringtoolbox.com/standard-atmosphere-d_604.html/
https://en.wikipedia.org/wiki/Heat_capacity_ratio/
https://en.wikipedia.org/wiki/Gas_constant/
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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)-180.6,7,8 Regarding the weight of the trade-off criteria, since they are just
three, it was decided to divide on a scale from3 to 1. The value 3 is given to themaximum lift coefficient
𝐶ᑝᑞᑒᑩ criterion since it is a fundamental parameter for the design of the wing. The value 2, to the drag
coefficient 𝐶ᑕ 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 𝐶ᑞ that is the least important since the pitching
moment can easily balance by the horizontal stabiliser (elevator).

Table 5.1: Wing airfoil trade-off (ፑᑖኻ⋅ኻኺᎸ, ፂᑝᑕᑖᑤ ኺ.ኾኽኻ).

NACA23018 GOE504 UA (2)-180
𝐶ᑕ at𝐶ᑝᑕᑖᑤ 0.00891 0.00894 0.01139
𝐶ᑝᑞᑒᑩ 1.5196 1.3116 1.4941
𝐶ᑞ at𝐶ᑝᑕᑖᑤ -0.0015 -0.954 -0.0933

From the trade-off it can be seen that the NACA 23018 is performing better on the two most important
criterion (𝐶ᑝᑞᑒᑩ and𝐶ᑕ) while for the𝐶ᑞ 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⋅10Ꮈ; this is not equal to theReynolds number that the airfoil will be subject during the flight
that is 1.134 ⋅ 10Ꮉ, 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 (𝑀ᑔᑣᑦᑚᑤᑖ<0.4). Theyhave very highmaximum lift coefficient (the highest of all theNACA
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
maximumcamber of 1.5%at 15%of the chord.

Figure 5.2: Wing airfoil.

InTable5.2 theaerodynamiccharacteristicsof theNACA23018airfoil arepresented, themomentcoef-
ficient (𝐶ᑞ) isconsideredat25%of thechord. TheseparametersarecalculatedwithJavafoil (aprogram
that use the 3D panelmethod to compute the aerodynamic characteristics of different shapes).

6URL http://airfoiltools.com/polar/details?polar=xf-naca23018-il-1000000-n5/ [cited 18 June
2019]

7URL http://airfoiltools.com/polar/details?polar=xf-goe504-il-1000000-n5/ [cited 18 June 2019]
8URLhttp://airfoiltools.com/polar/details?polar=xf-ua2-180-il-1000000-n5/ [cited 18 June2019]

http://airfoiltools.com/polar/details?polar=xf-naca23018-il-1000000-n5/
http://airfoiltools.com/polar/details?polar=xf-goe504-il-1000000-n5/
http://airfoiltools.com/polar/details?polar=xf-ua2-180-il-1000000-n5/
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Table 5.2: NACA 23018 airfoil aerodynamic characteristics (ፑᑖኻ.ኻኽኾ⋅ኻኺᎹ, ፂᑝᑕᑖᑤ ኺ.ኾኽኻ).

( ᑥᑔ)ᑞᑒᑩ camberᑞᑒᑩ 𝛼Ꮂᑝ 𝐶ᑝᒆᎾᎲ 𝐶ᑝᑞᑒᑩ 𝛼ᑤᑥᑒᑝᑝ 𝐶ᑞ at𝐶ᑝᑕᑖᑤ 𝐶ᑕ at𝐶ᑝᑕᑖᑤ 𝐿/𝐷 at𝐶ᑝᑕᑖᑤ
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 thewing loading of the aircraft is changing during themission due to the fuel consumption
and the consequent reduction in weight. The result is a 𝐶ᑃᑕᑖᑤ 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 thewing one.

𝐶ᑃᑕᑖᑤ=1.1⋅
1
𝑞 ⋅{

1
2 ⋅[(

𝑊
𝑆 )start mission

+(𝑊𝑆 )end mission
]} [32] (5.18)

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

Then the next step was the evaluation of the wing lift curve slope (𝐶ᑃᒆ), this was done with the Equa-
tion 5.21 from theDACTOMmethod, that is a collection of statics relations based on designed aircraft,
where𝜂 is theairfoilefficiencyfactorequalto0.95,and𝛽 is thePrandtl-Glauertcompressibilitycorrection
factor calculatedwith Equation 5.19.

𝛽=√1−𝑀ᑔᑣᑦᑚᑤᑖᎴ [28] (5.19)

𝐶ᑃᒆ=
2⋅𝜋⋅𝐴

2+√4+(ᐸ⋅ᒇᒌ )
Ꮄ
[28] (5.20)

After, knowing this parameter, thewing lift coefficient (𝐶ᑃ) at eachangle of attack canbe calculatedwith
theDATCOMEquation5.21, taking intoaccount thezero lift angleof theairfoil (𝛼Ꮂᑃ) that is equal to -1.6.

𝐶ᑃ=𝐶ᑃᒆ(𝛼−𝛼Ꮂᑃ) [28] (5.21)

Then,𝛼ᑥᑣᑚᑞ that is theangleofattackatwhich thewinghas to fly todeliver thedesign lift coefficient𝐶ᑃᑕᑖᑤ
can be derived is calculatedwith theDATCOMEquation 5.22; it is equal to 2.16°.

𝛼ᑥᑣᑚᑞ=
𝐶ᑃᑕᑖᑤ
𝐶ᑃᒆ

+𝛼Ꮂᑃ [28] (5.22)

Themaximum lift coefficient of a wing (𝐶ᑃᑞᑒᑩ) depends on the leading edge (LE) sharpness parameter
(Δ𝑌) that is 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 𝐶ᑃᑞᑒᑩ . Indeed, the shape of the upper part of the airfoil, near the leading edge, is mostly
responsible for the formation of these vortexes. It is calculatedwith theDATCOMEquation 5.23, and is
equal to 4.68, in this case, the high value of Δ𝑌, indicates that the airfoil is rounded at the leading edge,
so the flow starts to separate at the airfoil trailing edge (TE).

Δ𝑌=26⋅( 𝑡𝑐 ) [33] (5.23)
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Figure 5.3: Leading edge (LE) sharpness parameter [14].

Figure 5.4: Airfoil
leading edge sharpness parameter (the airfoil is just an
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 (𝐶ᑃᑞᑒᑩ) with theDATCOMEquation 5.24 (for aspect ratio higher than 4) and it is

equal to 1.481,where the (ᐺᑃᑞᑒᑩᐺᑝᑞᑒᑩ
) value is 0.9 value is taken from thegraphFigure 5.5. With this value,

it is thenpossible toperform the iterations. Indeed thismaximumlift coefficient valueof thewing inclean
configuration is used to construct again the wing loading versus power loading diagram instead of the
previously assumed value (1.5).

𝐶ᑃᑞᑒᑩ=(
𝐶ᑃᑞᑒᑩ
𝐶ᑝᑞᑒᑩ

)⋅𝐶ᑝᑞᑒᑩ [28] (5.24)

Inthesamemanner, thewingstallangle(𝛼ᑤᑥᑒᑝᑝ) iscalculatedwiththeDATCOMEquation5.25(foraspect
ratio higher than 4) and results in a value of 13.56°, considering a Δ𝛼ᐺᑃᑞᑒᑩ of 2.2 from the Figure 5.6.

𝛼ᑤᑥᑒᑝᑝ=
𝐶ᑃᑞᑒᑩ
𝐶ᑃᒆ

+𝛼Ꮂᑃ+Δ𝛼ᐺᑃᑞᑒᑩ [28] (5.25)

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].

Theeffect of the transition between an infinitewing and a finitewing is visible in Figure 5.7, the lift curve
is rotating around the zero lift angle of attack that remains the same, this affects themaximum lift coeffi-
cient that decreases. Knowing this, is thenpossible todoaverification test, indeed, from thecalculation
is possible to see that themaximum lift coefficient for the airfoil is higher than the one for the wing. The
figure illustrated is just for a visualisationpurposeof theeffect of finite aspect ratio; it is not related to the
airfoil andwing 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= ᑊ

ᑔ . Withawingspanof 10.517m, theaspect ratio of thewing is equal to 5.258. Again,
also with this parameter, another set of iterations is possible. Indeed it is used in the generation of the
wing loading versuspower loadingdiagram insteadof thepreviously assumedvalue (5.5). This aspect
ratio was not changed, modifying the wing chord, but was kept constant. A quite low aspect ratio has
someadvantage like thehigher roll angularacceleration, the lowerparasitedragcompared tohighwing
aspect ratio (however, it has a high induced drag), lower bending stress.

𝐴= 𝑏𝑐 [32] (5.26)

It was decided to use a rectangularwing, without sweep angle, since theMach number at which Futura
will fly is low(0.292)anddoesnotreachthetransonicregime. Indeedthemainadvantageofasweptwing
istodelaythewavedragincreasingthehighercriticalMachnumber,but in thiscase, this isnotneeded. A
disadvantageof thesweptwing is thebignacelle required toplace therotors; otherwise, therotorblades
will touchthewingduetothesweepangle, thisbignacelle increasestheweight,andalso, for thisreason,
thisdesignwasdiscarded. Choosingthestraightwingleadstoanadvantage. Indeedthemanufacturing
process is easier, with lower cost respect to sweptwings, but also good stall characteristics of thiswing
geometry as it is possible to see in Figure 5.8. The stall will start at thewing root and extend to thewing
tip, reaching the control surfaces (ailerons and flaps) last, thismakes the aircraft controllable also after
the stall begins. Thewingwas placed at the low part of the fuselage (low-wing configuration) not for an
aerodynamicreason,sincebothhigh-wingandlow-wingconfigurationhavesimilaraerodynamicschar-
acteristics. Butbecauseis improvethe integrationwith the landinggearwithout increasingthestructural
weightandat thesametimetoallowbettervisibilityabovetheaircraft fromthebigwindowinthefuselage.

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.

𝐶ᑃᒆ 𝛼Ꮂᑃ 𝐶ᑃᒆᎾᎲ 𝛼ᑥᑣᑚᑞ 𝐶ᑃᑥᑣᑚᑞ 𝐶ᐻ at𝐶ᑃᑥᑣᑚᑞ 𝐿/𝐷 at𝐶ᑃᑥᑣᑚᑞ 𝛼ᑤᑥᑒᑝᑝ 𝐶ᑃᑞᑒᑩ
0.114° −1.6° 0.182 2.16° 0.429 0.021 20.386 13.57° 1.481

5.1.4 High-lift Devices

Thenext step is theHigh-lift devices (HLDs) sizing. Toachieve themaximum lift coefficient of 2, toallow
alandingasanaircraftduringanemergency, it isneededtodesignsomehigh-liftdevices. Unfortunately
isnotpossible toplace leadingedgehigh lift devicesdue to thepresenceof the radiatorsand the related
air intakes. So it was decided to place the HLDs at the trailing edge (TE) of the wing. Between the vast
amount of different trailing edgehigh-lift devices types, it was decided to put the simple andnot extend-
able plain flap as illustrated in Figure 5.9. It was selected due to the simple and light hingemechanism
that rotates it, that is very reliable, but alsodue to the capability to alsobedeflectedupwardandoperate
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 speedasmuchaspossible, the stall speedat this𝐶ᑃᑞᑒᑩ will be 39msᎽ1. The figure illustrated
in Figure 5.9 is just for a visualisation purpose of the flap type; it does not represent the designed airfoil.

Figure 5.9: Plain flap [34].

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

1. Evaluating the target Δ𝐶ᑃᑞᑒᑩ ;

2. Proposing appropriate types and combinations of High-lift Devices;

3. Estimating the available wing area to placeHLDs;

4. Assuming certain chord fractions (ᑔᑗᑔ ) for theHLDs;

5. Calculate the referencewing flapped area ( ᑊᑨᑗᑊᑣᑖᑗ
);

6. Calculate the shift of the angle of attack (Δ𝛼Ꮂᑃ) due toHLDs.

The targetΔ𝐶ᑃᑞᑒᑩ is calculated subtracting from themaximum lift coefficient with full flap deployed that
is equal to 2 themaximum lift coefficient of the cleanwing (1.481) and themaximum 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 explainmore in-depth in section 5.4. This results in a value for Δ𝐶ᑃᑞᑒᑩ of 0.431.

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

Then the reference wing flapped area (𝑆ᑨᑗ), that is the available area in the wing to place the flap
(the redpart of thewing inFigure5.10) canbecalculatedwithEquation5.27,whereΔ𝐶ᑝᑞᑒᑩ is aconstant
value equal to 0.9 for a fully deployed plain flap [34], and 𝑆ᑣᑖᑗ 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 referencewing flapped area; it does not represent the designedwing.

𝑆ᑨᑗ
𝑆ᑣᑖᑗ

=
Δ𝐶ᑃᑞᑒᑩ

0.9⋅Δ𝐶ᑝᑞᑒᑩ
[34] (5.27)

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 2.8m for eachwing side, leading to a flap area of 1.4m2

again for each side of thewing.

Then, the variation of the angle of attack due to the presence of the leading edge HLDs, is derived
with Equation 5.28 using aΔ𝛼Ꮂᑝ of−15° [34], and results to a value of−7.99°, so at a given𝐶ᑃ, the angle
of attackwill be−7.99° lower.

Δ𝛼Ꮂᑃ=Δ𝛼Ꮂᑝ ⋅
𝑆ᑨᑗ
𝑆ᑣᑖᑗ

[34] (5.28)

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 themaximum lift coefficient of the wing without changing the lift curve slope
(because thewing surface is not increased), but at the same timedecreasing 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.

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

The increment of the wing drag coefficient (Δ𝐶ᐻᑗᑝᑒᑡ) due to the presence of the flap can be calculated
withEquation5.29,where𝐹ᑗᑝᑒᑡ isaconstantequal to0.0144 forplain flapand𝛿ᑗᑝᑒᑡ is the flapdeflection
in degrees (the equation can be used for a flap deflection higher than 10°).
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Δ𝐶ᐻᑗᑝᑒᑡ=𝐹ᑗᑝᑒᑡ ⋅(
𝑐ᑗ
𝑐 )⋅(

𝑆ᑨᑗ
𝑆ᑣᑖᑗ

)⋅(𝛿ᑗᑝᑒᑡ−10) [28] (5.29)

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

Table 5.4: Flapped wing aerodynamic characteristics (᎑ᑗᑝᑒᑡ60°).

𝐶ᑃᒆ 𝛼Ꮂᑃ 𝛼ᑤᑥᑒᑝᑝ 𝐶ᑃᑞᑒᑩ 𝐶ᐻ at𝐶ᑃᑞᑒᑩ 𝐿/𝐷 at𝐶ᑃᑞᑒᑩ
0.114° −9.59° 5.57° 2 0.119 16.8

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

Figure 5.12: Wing and flaperon dimensions.

5.1.5 Verification and Validation

Thecalculationsdonewith thePythoncodearecomparedwithanexcel file; in thisway, 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
wingwith theDATCOMmethodare checkedwith Javafoil. Furthermore, itwasalso checked that the lift
coefficient of the airfoil was always higher respect to thewing lift coefficient at the same angle of attack
as can be seen in Figure 5.7.

5.2 Operational Envelope

Defining the operational envelopeof the aircraft is essential to identify the conditions inwhich it is 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 = ᑃ

ᑎ ) 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
themanoeuvre and gust loading diagramhas to be computed as established byCS-23 regulation [36].
The twodiagramswerecomputed fordifferentaltitudeswith theaircraft atMTOW,and themost 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+ ᎴᎶᎲᎲ

ᑎᎼᎳᎲᎲᎲᎲ (W being the aircraft
weight in pounds), but a limit load (𝑛ᑞᑒᑩ) 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 toCS-23 regulation, is -1. Point S is the point at which the aircraft is stalling in clean configu-
ration. In otherwords, the lift is equal to theweightwith amaximum lift coefficient in clean configuration
𝐶ᑃᑞᑒᑩ=1.481. PointSFshowsa landing loadof1.15with full flapsdeployedwitha relativemaximum lift

coefficient of 𝐶ᑃᑞᑒᑩ=2. Point A speed is calculated using 𝑉ᐸ=√
Ꮄᑟᑞᑒᑩᑞᑘ
ᐺᑃᏩᏝᏴᑊ

withmaximum lift coefficient

incleanconfigurationandmaximum loadbeing3.4. PointD is the lastpoint of interest in themanoeuvre
loading diagram since it is the point at which a dive speed is achieved. By regulation the dive speed is
𝑉ᐻ=1.25⋅𝑉ᐺ, but the aircraft is never going to attain this flight velocity (437msᎽ1) [37].
For what concerns the gust loading diagram, the red lines show the load factors the aircraft can en-
counter due toagust speed, at different flight horizontal velocities. For theCS-23aircraft threedifferent
flight speed are considered: cruise, dive and flight speed during bad weather. The endpoints of the
dotted lines (𝐺ᐹ,𝐺ᐸ,𝐺ᐻ) which bound the gust are found using Equation 5.30.

𝑛ᑘ=1+
1
2 ⋅

𝜌Ꮂ ⋅𝐶ᑃᒆ
𝑀𝑇𝑂𝑊⋅ ᑘᑊ

⋅𝑈⋅𝑉⋅𝐾ᑘ ⋅𝜇ᑘ [37] (5.30)

𝑈 is the vertical speed that can be encountered respectively with𝑉ᐺ,𝑉ᐻ and𝑉ᐹ for the abovementioned
conditions respectively. The values of the vertical speeds for the different conditions are respectively
𝑈ᐺ=16msᎽ1,𝑈ᐻ=8msᎽ1𝑈ᐹ=20msᎽ1. The remaining factors of theequationsare𝐾ᑘ and𝜇ᑘwhichare
foundwith the following two equations in SI units: [37]

𝐾ᑘ=
0.88⋅𝜇ᑘ
5.3+𝜇ᑘ

(5.31) 𝜇ᑘ=
2⋅ᑎᑊ

𝜌⋅𝑐⋅𝐶ᑃᒆ ⋅𝑔
(5.32)

Where ᑎ
ᑊ is the wing loading of the aircraft. While the cruise speed and the dive speed are already

known, the speed during badweather can be foundwith the equation below.

𝑉ᐹ=𝑉ᑤᑥᑒᑝᑝ√1+
𝐾ᑘ ⋅𝜇ᑘ ⋅𝑈ᐹ ⋅𝑉ᑔᑣᑦᑚᑤᑖ ⋅𝐶ᑃᒆ

498⋅ᑎᑊ
[37] (5.33)

Where in this case𝐾ᑘ and 𝜇ᑘ are in imperial 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
theblack line. Theupper𝑛ᑞᑒᑩ is 3.8 as specifiedbyCS-23 requirement aswell as its negative counter-
part,whichcannotbe0.4 times thepositive limit [36]. These twoconditions limit thenatural extensionof
combined loading diagram given by the intersection between the gust andmanoeuvre 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 cabinwill beminimal in termsof accessories tominimize theweight, without sacrificing the
comfort of the passengers.

5.3.1 Cabin Characteristics

The first characteristic that set it aside its competitors is the continuous glasswindow that replaces the
typical aircraftwindows. Thematerial for suchwindowwaschosen tobeAluminoSilicate - 1720,which
presentsstrong resistanceagainst crackpropagationanddebris impact [9]. Thismaterial selectionhas
beenmadepossible by the fact that the fuselage is not going tobepressurised. Onemaindoor andone
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.9 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.
9URL https://www.dsm.com/markets/engineering-plastics/en/products/ecopaxx.html [cited 18 June
2019]

https://www.dsm.com/markets/engineering-plastics/en/products/ecopaxx.html
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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
flight instruments. Themasses of the flight instruments and the cabin furnishing have been estimated
usingRoskam III estimation [38]. The avionicsmasswas calculated usingRoskam 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 antennamass was assumed to be 5% of the total mass of avionics. Themass of the flight control
wasestimatedusingRoskamrelationship too. Futura is going tobecontrolledbyonesinglepilot. Then
theairconditioningmassbasedonRoskamrelationshipwasdecreasedby65%sincenopressurisation
in the cabin occurs. Eventually themass 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 1.4m. These values are themost 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
modelwasproduced;with this program, a virtual reality experiencewascompleted to checkwhether or
not the aircraft’s spacewas 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 fuselagewas constructed. The cabin internally needs to be
5.45m long, 1.48mwideand theheighthas tobe1.4m. It thecabinwasdivided into thepilot cockpit and
thepassengercabin. Indeedthepilotcockpitwasdesignedtobe1.2m longandcorrespondstothenose
conewhile the rest4.25m is for thepassenger. Then the tail conewassized tohavea total fineness ratio
( ᑕᑃᐽ ) of around 0.15, value in the range of typical subsonic jet aircraft and ideal to have a low pressure
drag [39]; at the same time it allows to have enough space to place all the needed components like the
fuel cell and the tank. The internal dimensions of the fuselage are visible in Figure 5.15. Regarding the
external dimensions, it wasassumed to consider a structural thicknessof 0.04mall along the fuselage;
this value is quite small because a pressurised structure is not needed.

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
(that is themost suitable concerning the capability to carry the tension loading and the bending loading
due to the different pressurewith the outside) is not required. For this reason, a shapewith 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
𝐴= ᑓᎴ

ᐽᑒᑣᑖᑒ
, where𝐹ᑒᑣᑖᑒ is the fuselage area and results in a value of 0.213.

Then theReynolds number (𝑅ᑖ) needs to be updated since it is different from the one of thewing due to
the different chord length, resulting in 5.519⋅10Ꮉ, 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 thewing
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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 ( ᑥᑔ ) of 21% at 30% of the chord and amaximum reflex camber of 2% at 25%
of thechord (camber line that curvesbackupnear the trailingedge (TE)). Thisparticular shapeenables
to have a height of 1.4mm at the end of the passenger cabin.

Figure 5.16: Fuselage airfoil.

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

Table 5.6: NACA 25121 airfoil aerodynamic characteristics (ፑᑖ.ኻዃ⋅ኻኺᎹ, ፂᑝᑕᑖᑤ ኺ.ኾኽኻ).

( ᑥᑔ)ᑞᑒᑩ camberᑞᑒᑩ 𝛼Ꮂᑝ 𝐶ᑝᒆᎾᎲ 𝐶ᑝᑞᑒᑩ 𝛼ᑤᑥᑒᑝᑝ 𝐶ᑞ at𝐶ᑝᑕᑖᑤ 𝐶ᑕ at𝐶ᑝᑕᑖᑤ 𝐿/𝐷 at𝐶ᑝᑕᑖᑤ
21 2% −1.5° 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 (𝐶ᑃᒆ) 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 (𝐶ᑃ) 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 (𝛼Ꮂᑃ) that is
equal to -1.5.

To calculate the drag coefficient of the fuselage (𝐶ᐻ) at each angle of attack with Equation 5.8, some
parameters areneeded, like theOswald efficiency factor (𝑒) calculatedagainwithEquation5.3 and the
zero lift drag coefficient of the fuselage (𝐶ᑕᎲ) with Equation 5.34, where (

ᑊᑨᑖᑥ
ᑊᑣᑖᑗ

) is the wetted area over
the reference area (area of the wing), that for a twin engine light aircraft is equal to 5 from Figure 5.17
and 𝐶ᑗᑖ that is equivalent skin friction coefficient, for this kind of aircraft is 0.0045. The (𝐶ᑗᑖ ⋅

ᑊᑨᑖᑥ
ᑊᑣᑖᑗ

) part
in the equation is the total zero lift coefficient of the aircraft, the factor 0.9 is a reduction factor to takeout
the excrescence and leakage for a propeller aircraft (miscellaneous drag) and the zero lift coefficient of
thewing previously calculatedwas subtracted aswell [28].
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𝐶ᑕᎲᑗᑦᑤᑖᑝᑒᑘᑖ=0.9⋅(𝐶ᑗᑖ ⋅
𝑆ᑨᑖᑥ
𝑆ᑣᑖᑗ

)−𝐶ᑕᎲᑨᑚᑟᑘ [28] (5.34)

Figure 5.17: Wetted area ratios [33].

Afterall thesecalculation, the resultsarepresented inTable5.7,where theaerodynamiccharacteristics
of the fuselage calculatedwith theDATCOMmethod andbased on theNACA25121airfoil 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
fuselagewithacircularcross-section is lower than1. This result confirms that thedesignof the fuselage
was successful; indeed it helps to decrease thedragand increase the lift, increasing the lift over dragof
more than 230% respect to conventional circular cross-section fuselage. However, it is 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 DATCOMmethod previously explained was also checked and
verifiedwith Javafoil, indeed, the same value results.

Table 5.7: Fuselage aerodynamic characteristics.

𝐶ᑃᒆ 𝛼Ꮂᑃ 𝐶ᑃᒆᎾᎲ 𝛼ᑥᑣᑚᑞ 𝐶ᑃᑥᑣᑚᑞ 𝐶ᐻ at𝐶ᑃᑥᑣᑚᑞ 𝐿/𝐷 at𝐶ᑃᑥᑣᑚᑞ
0.00577° −1.5° 0.00866 2.16° 0.0211 0.0174 1.215

Estimating thisnovel fuselagemass isextremelychallengingas it is stronglydependenton itsstructural
design. However, the external dimensions of Futura’s fuselage on average are comparable to similar
aircraft, even considering its lifting characteristics. For this reason, themass of the fuselage has been
estimatedusing similar twin propeller aircraft in the sameweight category [40]. A fuselagemassof 278
kgwas obtained statistically based on themaximum 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 it is 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, ismade of aluminium -polyethylene
composite panels in order to limit itsmass [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,whereeach function in thecode is tested. At thesame time,all the fuselageairfoil parameters taken
from Javafoil are checked with XFoil (another 3D panel method software), and the calculated aerody-
namicproperties for the3Dfuselagewith theDATCOMmethodarecheckedwithJavafoil. Furthermore,
it was also checked that the lift coefficient of the airfoil was higher respect to the fuselage lift coefficient
at the same angle of attack as can be seen in Figure 5.7.

5.5 Rotor Design

Followingwith theaerodynamicsdesign, thestudyof the rotor is of uttermost importance toanalyse the
powerandenergyrequired toperformthedifferentphasesof the flight. Anoptimisedrotorgeometrycan
contribute toaweightsaveofalmost100kgcomparedtoanonoptimisedone,aswillbepresented in this
section. ABladeElementMomentumTheory (BEMT) codewas 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 SimpleMo-
mentumTheory (SMT). This provides amodel that is based on solid physical principles, relatively free
of empirical relations. Another advantageof applying thismethod is that it servesasa tool to design the
bladesof the rotor, andprovidemoreaccurate estimatesof power and thrust for different bladedesigns
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.
Startingwith principles ofmomentum theory, the thrust produced by a rotor annuli can be computed as
theproductof themass flow through theannuli and the inducedvelocityat that same location, asshown
inEquation 5.35. Each rotor annuli is locatedat a certain𝑦 distance from the center of the rotor [43, 44].

𝑑𝑇=𝑣⋅𝑑�̇�=2𝜋𝜌(𝑉ᐴ+𝑣)𝑦𝑑𝑦 (5.35)

As onmanymathematical and physical derivations, non-dimensional equations will be used to gener-
alise the problemand 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
valuesof thrustandpowerarecomputedat theend. Thethrustcoefficient,whichnowgains importance,
can bewritten as specified in Equation 5.36.

𝑑𝐶ᑋ=
𝑑𝑇

𝜌(𝜋𝑅Ꮄ)(Ω𝑅)Ꮄ (5.36)

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.

𝜆= 𝑣
Ω𝑅 (5.37) 𝜆ᐴ=

𝑉ᐴ
Ω𝑅 (5.38) 𝑟= 𝑦𝑅 (5.39)

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

𝑑𝐶ᑋ=
2𝜌(𝑉ᐴ+𝑣)𝑣(2𝜋𝑦𝑑𝑦)

𝜌𝜋𝑅Ꮄ(Ω𝑅)Ꮄ =4𝜆𝜆ᑚ𝑟𝑑𝑟 (5.40) 𝜆=𝜆ᑚ+𝜆ᐴ (5.41)
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Figure 5.18: Representation of the rotor angle of attack (ᎎ),
and incoming flow angle (Ꭻ) and blade geometric angle (᎕) with the rotational plane at a given blade element.

An interesting advantage of BEMT is that it can account for blade loss effects due to the vorticity gener-
atedatthetipandattherootoftheblade. UsingGlauert’scorrectionsinEquation5.42andEquation5.43,
these losses can be computed.

𝐹ᑥᑚᑡ=
2
𝜋cos

ᎽᎳ(exp(−𝐵2
1−𝑟
sin𝜙)) (5.42) 𝐹ᑙᑦᑓ=

2
𝜋cos

ᎽᎳ(exp(−𝐵2
𝑟−𝑟ᑙᑦᑓ
𝑟ᑙᑦᑓsin𝜙

)) (5.43)

The total loss due to the vorticity effects can then be found in as the product of both of these loss factors
𝐹ᑥᑚᑡ ⋅𝐹ᑙᑦᑓ. In this equations, the hub and tip loss are calculated as a function of the angle𝜙, 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 (𝛼) and the geometric
angle of each bladewith the rotational plane (𝜃) can be seen in Figure 5.18. This angle𝜙 is therefore a
function of the induced velocity 𝜆 at the blade element. Amore accurate value of 𝐶ᑋ 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.

𝑑𝐶ᑋ=4𝐹ᑥᑠᑥ𝜆𝜆ᑚ𝑟𝑑𝑟 (5.44) 𝑑𝐶ᑋ=
1
2𝜎𝐶ᑝ𝑟

Ꮄ𝑑𝑟=
𝜎𝐶ᑝᒆ
2 (𝜃𝑟Ꮄ−𝜆𝑟)𝑑𝑟 (5.45)

Therelationshown inEquation5.46canbederivedbetween the loss factor𝐹ᑥᑠᑥ andthe inducedvelocity
𝜆, combining the two equations above. As it was derived above, the loss factor 𝐹ᑥᑠᑥ is a function of the
induced velocity 𝜆, 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 of𝐹ᑥᑠᑥ at each of the blade elements.

𝜎𝐶ᑝᒆ
2 (𝜃𝑟Ꮄ−𝜆𝑟)=4𝐹ᑥᑠᑥ𝜆(𝜆−𝜆ᐴ)𝑟 (5.46)

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
of𝐶ᑋ. Similarly, with 𝜆 one canpredict the power required to drive the rotor. This power has two compo-
nents, onederived from the inducedpower required tokeep theaircraft in theair found inEquation5.47,
and another required to spin the rotor and overcome the drag of the rotating blades specified in Equa-
tion 5.48. Oncemore, first the non-dimensional coefficients are computed, and these values are then
dimensionalised.

𝐶ᑇᑚᑟᑕ=∫
ᑣᎾᎳ

ᑣᎾᎲ
𝜆ᑚ𝑑𝐶ᑋ (5.47) 𝐶ᑇᑡᑣᑠᑗ=∫

Ꮃ

Ꮂ

1
2𝜎𝐶ᑕ𝑟

Ꮅ𝑑𝑟 (5.48)
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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, ismorecumbersome. Afirstestimateofthisvaluecanbeprovidedbyusingthezeroliftprofile
dragof theairfoil of choice. Moreaccurate resultsareachievedwhen thedragcoefficient iscomputedat
eachbladeelementangleofattack. Aswillbeshownlater,acorrectionmethodneedstobepresent. Due
to thedifferentoperational regimesof the rotor (fromhover toalmost100msᎽ1 atcruise), awide rangeof
anglesofattack isexperiencedatdifferent locationsof the rotor. Ahighangleofattackcorrectionneeds
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 chosenas it is a typical selection for the bladesof rotorcraft [47]. Equation 5.49 and
Equation 5.50 can be employed to compute the 𝐶ᑝ and𝐶ᑕ of the airfoil, respectively, from𝛼stall to 90°.

𝐶ᑝ=𝐴Ꮃsin2𝛼+𝐴Ꮄ
cosᎴ𝛼
sin𝛼 (5.49) 𝐶ᑕ=𝐵ᎳsinᎴ𝛼+𝐵Ꮄcos𝛼 (5.50)

The values of𝐴Ꮃ,𝐴Ꮄ,𝐵Ꮃ and𝐵Ꮄ are basedon 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 shown in
Equation5.51. At thisstageof thedesign, theaspect ratio (𝐴)of the rotorhas tobeestimated tocompute
the extrapolated 𝐶ᑝ and 𝐶ᑕ. The initial estimate for this value is of little importance, as it has very little
impact on the results. An initial estimate of 10was therefore selected [46].

𝐶ᑕᑞᑒᑩ≃1.11+0.018𝐴 (5.51) 𝐴Ꮃ=
𝐶ᑕᑞᑒᑩ
2 (5.52) 𝐵Ꮃ=𝐶ᑕᑞᑒᑩ (5.53)

𝐴Ꮄ=
(𝐶ᑃᑤᑥᑒᑝᑝ−𝐶ᑕᑞᑒᑩsin𝛼ᑤᑥᑒᑝᑝcos𝛼ᑤᑥᑒᑝᑝ)sin𝛼ᑤᑥᑒᑝᑝ

cosᎴ𝛼ᑤᑥᑒᑝᑝ
(5.54) 𝐵Ꮄ=

𝐶ᑕstall−𝐶ᑕᑞᑒᑩsin
Ꮄ𝛼ᑤᑥᑒᑝᑝ

cos𝛼ᑤᑥᑒᑝᑝ
(5.55)

To obtain the extrapolated values for𝛼>90° and𝛼<𝛼ᑞᑚᑟ, 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.

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 𝐶ᑝ are compared between the Viterna method and wind tunnel experiments
performed byNASA [48].

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 ⋅ኻኺᎷ.

As it can be noticed in Figure 5.21,the Viterna extrapolation method provides a very good estimate of
the𝐶ᑝ for the rangeof𝛼. The𝐶ᑕ, on the other hand, seems to beunderestimatedwhen compared to the
values obtained fromwind 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 iswidelyacceptedandused forexperimentaldataextrapolation, thevaluesobtained fromsuch
methodwillbeusedfor thepurposeof thisdesign. Windtunnel testswillhavetobeperformedtovalidate
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 lattermethod [46].

Once the𝐶ᑕ is calculated for awide range of𝛼, the𝐶ᑇᑡᑣᑠᑗ can be computed in amore accuratemanner
thanwith standardXFoil data. Finally, the valuesof power and thrust canbeobtaineddimensionalising
𝐶ᑇ and𝐶ᑋ, respectively. Aswill beanalysed inmoredetail in thenextsection, differentbladegeometries
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 themany
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
parametersmay 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
powerplantsystem: powerandenergy. Since theaircraft isequippedwithahydrogenpoweredsystem,
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 plantmass.

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
specifiedabove, isoneof themainobjectivesof thisbladedesign. Onemainconstraint on 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
rotorsolidity,whichisoptimisedforminimumweightof thepropulsionsystem. 3bladeswereselectedfor
the rotor as it provided a fair compromise betweenweight and induced tip losses [49]. Finally, the taper
of thebladeshad tobe selected. Even if anoptimumcombinationof twist and taper could havebenefits
of theperformanceof thehelicopter, the twist of thebladesaloneproves tohaveahigher influenceover
thebehaviour of the rotor than the taperalone [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-taperedwingwere selected.

The optimisation of the rotor blades entails selecting blade twist and rotor solidity to achieveminimum
power plant weight. The twist along the blade is directly related to the lift generated by the rotor, aswell
as the profile power, as it controls the angle of attack of each blade element. Different types of twist
wereconsidered, ranging from ideal to linear twist. Very littledifference in thepower requiredwas 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 themission 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
for amid solidity (0.05)mid twist (-15° difference). Finally, in black, thepower required for a high solidity
(0.09) high twist (-30° difference) is shown.

Someinterestingconclusionscanbederived fromFigure5.22. Firstly, it canbenoted that themaximum
power requiredathover is for the lowsolidity, low twist rotor. This rotor, however, performsconsiderably
better at cruise, with almost 200 kW less than theworst performing one. Themaximumpower required
is achieved by the high solidity high twist rotor, at a value of 1175.95 kW. Themid soliditymid twist rotor
shows and interesting behaviour. It requires the smallest peak power, but at cruise almost 550 kW are
required todrive it. FromFigure5.22, it canbeconcludedthat the lowestweightof thepowerplantmass,
derived from low peak powers andmission energy, will be a combination of low tomid solidity, and low
tomid twist. If different valuesof solidityand twistare tested, amorecontinuous linkbetween thecurves
in Figure 5.22 is found.

Aswill beexplained later in chapter6, theweightof thepowerplant systemcannotbecomputeddirectly
basedon themaximumpowerandenergy required to fulfil thegivenmission. Rather, the lowestsystem
mass is found by means of a complex algorithm that considers battery and fuel cell integration, that
contemplates the different powers throughout themission. This algorithm is explained inmore 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 foragivensolidity, theassociatedweightof thepowerplantmass is first high for
low twist, thengoesdownas twist increases, but then increasesagainafteraminimumis reached. Ona
similarmanner, thesolidityshowsasimilartrend. First, thepowerplantmassishighwithasolidityof0.01.
Then, it experiences a drop at a value of 𝜎 equal to 0.02, to then increase the weight of the associated
powerplant systemagain for higher valuesof solidity. Thesolidity valueof 0.02 is then tested for further
optimisationof the twist, ascanbeseen inFigure5.24. Amore finesearch for thebestperformingblade
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. Figure 5.24: Power
plant weight for different twist angles, with = 0.02.

The minimum power plant mass is obtained at a rotor solidity of 0.02, and root twist of 18.3°, with a
valueof 1132.4 kg. Asmentionedbefore, this optimisedbladeallows for aminimumweight decreaseof
100kg compared to other sub-optimal solidities, as shown in Figure 5.23.
It is worthmentioning 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,
somethingconventional helicoptersmustaccount formanoeuvrability. Ona tilt rotor, on theotherhand,
duringalmostall the flight thepropeller onlyexperiencesaxial flowand flowparallel to the rotordoesnot
occur.

Eventually themass of the propeller hub and shaft are estimated using empirical relationship [47]. The
massof thebladeshavebeenestimatedtobe110.6kgapplyingamassreductionfactorof15%foruseof
composites. Thematerialschosen for thepropeller, in fact, havebeenselectedusing theCESSoftware
[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 amass 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
materialwaschosensince it represents thenew frontier in termsofmaterial forwhat concernspropeller
hubs and shaft [9].10 Coatings applied to the abovementioned components should be applied in order
to take allow their use close tomarine environments.

Conclusion

Theapproachbehind thewingsizingwas to first select thebestairfoil for themission (givensome
fixed parameters) that is the NACA23018 and then, around it design the entire wing that has an
area of 21m2 (including high-lift devices). The samewas 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 designwas optimised to achieve a power plant
systemmass of 1132.4 kg. This valuewas obtainedwith a rotor solidity of 0.02, and a linear twist
with a twist 18.3° at the root, and 0° at the tip.

10URL https://patents.google.com/patent/US6139659 [cited 18 June 2019]

https://patents.google.com/patent/US6139659
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Thepower plant goal is to deliver the necessary power andenergy for the correct functioning of Futura.
The innovativehybridnature implicateschallenges thathavebeenovercomebychoosing readilyavail-
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.
Toenhance the short termdelivery of theproduct, the team focusedon 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 tomeet performance requirements.

6.1 System Overview

The system consists of three main components: fuel cell, battery and electric motors. The fuel cell
and thebatteryprovide thenecessarypower for thesystemtoworkwhile theelectricmotorsconvert the
electricenergy inmechanicalenergytospin therotorsandallowtheaircraft to fly. Theenergyconsumed
by the fuel cell is stored under liquid hydrogen (LHᎴ) 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
usedasseen inFigure6.12. This subsystem isneeded tomatchvoltage levelsof 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 seen in Figure 6.1.

6.2 Radiators

Oneof the crucial aspects of the power plant is 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 polymermembrane in the fuel cell, of the electricmotors and the batteries [50–
52]. To remove the heat that is 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.

LH2

Elec.
System

Batt.

Exhaust (H2O)

PEM 
Fuel Cell

Compressor
Air Intake

Motor
Controller

M
Radiator

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
wasdecided toplace the radiators in thewing tomakeuseof theenergetic rotorwake flow. Inhover, the
wingupperand lowerskinwithin thecentral sectionopensupasshown inFigure6.2. Thisallows 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 thewing 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 below90∘Cevenat peakpower. Initially, ethyleneglycol
was consideredasa coolant in a 50/50 solutionwithwater as it is a conventional coolant in 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
kJkgᎽ1∘CᎽ1).1,2 Finally, fromBEMT, thewake calculated to be 15msᎽ1.

6.2.2 Radiator Sizing Calculations

To size the radiator the overall heat transfer coefficient (𝐻𝑇𝐶) needs to be found. This coefficient ex-
pressed inW∘CᎽ1 represents howmuch heat can be rejected by a radiator given a certain temperature
differencebetweenthecoolantandflowofair. It isdependentonflowspeedofboth thecoolantaswellas
theair. ContactingthecompanyNederlandseRadiateurenFabriek(NRF)aradiator that fittedtheneeds
ofFuturahasbeenselected. Theradiatorhasanoverallheat transfercoefficient,atanair flowof𝑣ᑒᑚᑣ=15
1URL https://pubchem.ncbi.nlm.nih.gov/compound/1_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]

https://pubchem.ncbi.nlm.nih.gov/compound/1_2-Ethanediol##section=Reported-Fatal-Dose&fullscreen=true
https://pubchem.ncbi.nlm.nih.gov/compound/1_2-Ethanediol##section=Reported-Fatal-Dose&fullscreen=true
https://www.engineeringtoolbox.com/propylene-glycol-d_363.html
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msᎽ1andacoolantflowof37.5LminᎽ1,of1875W∘CᎽ1 (AntonvanBerkel,ApplicationEngineerNRF,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 𝑣ᑒᑚᑣ 𝑑𝑜𝑡𝑉ᑔᑠᑠᑝ
1875W∘CᎽ1 1.45m 0.375m 0.112m 26.15 kg 15msᎽ1 37.5 LminᎽ1

Theheat loadattake-offcanbecalculatedwithEquation6.1. Fromtheheat load, thenumberofradiators
can be calculated using Equation 6.2 rounding up to the nearest integer.

𝑄=𝑃ᐽᐺ ⋅
1−𝜂ᐽᐺ
𝜂ᐽᐺ

+𝑃ᐼᑄ ⋅
1−𝜂ᐼᑄ
𝜂ᐼᑄ

+𝑃ᐹ ⋅
1−𝜂ᐹ
𝜂ᐹ

(6.1) 𝑁ᑣᑒᑕ=
𝑄

𝐻𝑇𝐶⋅(𝑇ᑔᑠᑠᑝ−𝑇ᑒᑚᑣ)
(6.2)

Whencruiseconditionsareconsidered, onecancalculate the requiredmass-flow through the radiators
in termsof the ratio of heat loads, as shown inequationEquation6.3. Finally, the required inlet areacan
be derived frommass conservation (Equation 6.4) using themass-flow found previously and the rotor
wake speed at a cruise fromBEMT.

�̇�ᑒᑚᑣ=
𝑄ᑔᑣᑦᑚᑤᑖ
𝑄ᑙᑠᑧᑖᑣ

⋅(𝑣ᑒᑚᑣ ⋅𝐴ᑣᑒᑕ ⋅𝜌ᑒᑚᑣ) (6.3) 𝐴ᑚᑟᑝᑖᑥ=
�̇�ᑒᑚᑣ

𝑣ᑨᑒᑜᑖ ⋅𝜌ᑒᑚᑣ
(6.4)

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 calculatedwith 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 - 240.1 87.5 327.6 -
Q [kW] 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 theamount of coolant has to beadded that, givenan internal volumeof the radiator assembly
of 0.0438 m3 and a coolant density of 1000 kgmᎽ3, was calculated to be 43.8 kg.3 Finally, a pump is
needed to provide a total volumetric flow of 225 LminᎽ1. The Miksan Motors EP 250 Pump has been
selectedweighing 15 kg [53]. The final radiator assembly weight is thus 215.7 kg.
Incruisecondition, theheat loadreaches277.32kWwhichmeans thatamass-flowof6.16kgsᎽ1 (Equa-
tion 6.3) is required to cool the system. Frommass conservation (Equation 6.4) the inlet area needed
can be calculated and was found to be 0.073m2 for cruise conditions (𝑣ᑨᑒᑜᑖ=100msᎽ1, 𝜌=0.85 kg at
2000m and 37∘C).

6.3 Fuel Tank Sizing

The fuel tank isasignificant componentof theaircraft as it shouldcontain the fuel for themission, deliver
it to the power plant and allow for easy refuelling. It is also a critical component as it uses liquid hydro-
gen, entailingcryogenicworking temperaturesandhigh flammability hazards. Thesenegativeaspects
comewith a higher volumetric specific energy than gaseous hydrogen, which would take up toomuch
space in the fuselage.

3URL https://www.engineeringtoolbox.com/propylene-glycol-d_363.html [cited 23 June 2019]

https://www.engineeringtoolbox.com/propylene-glycol-d_363.html
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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 𝜏max=120min.

From the operations of the aircraft, theworking conditions can bedetermined. Negative temperatures,
most likelyencounteredat cruise, arebeneficial for thermal control of the tank. All thesame, thehighest
operational temperature is used as critical case, being 𝑇ᑒᑞᑓ=50∘C.

The tankoperational lifetime issetequal to thatof theaircraft, i.e., 30yearswithup to11 flightsperdayor
1.2⋅10Ꮇ 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 easymaintenance.

Properties of LH2

Tominimise volume, saturated liquid hydrogen (LHᎴ) 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 (GHᎴ) will be vented. That being said, someGHᎴ should always remain in the tank
to allow for instantaneous pressure relief. GHᎴ 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
GHᎴ flow rate. LHᎴ 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.
Arecommendedliquid/gasfraction fromliterature is97%/3%atmaximumpressure [54]. Theoperating
maximumpressureshouldbe thepressureabovewhichgas isvented,𝑝ᑧᑖᑟᑥ, and remainas lowaspos-
sible to decrease the structural mass and tank volume [54]. It is set just above the fuel cell’s maximum
fuel pressure (𝑝ᐽᐺ=2.3bar) at 𝑝ᑧᑖᑟᑥ=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 𝑝ᑗᑚᑝᑝ therefore allowing
for a pressure rise (to 𝑝ᑧᑖᑟᑥ) due to an external heat input [55]. On the other hand, it should be higher
than the ambient pressure at sea level (𝑝SL = 1.0bar) to prevent air from getting in the tank and avoid
creating an explosivemixture, therefore set at 𝑝ᑗᑚᑝᑝ=1.2bar.

Allowances

Some allowances should be added both to the fuel weight and tank volume. According to Dr. B. Atli-
Veltin,expertoncryogenicstoragesystemsfromTNO,thetankfillingshouldremainbetween𝑓min=15%
and 𝑓max=85% to prevent air fromentering the tank and avoid overpressurisation (personal communi-
cation, May 29, 2019). On top of this, 𝑐Ꮃ=5% of the fuel mass is allowed to be vented. A compromise
for this valuewas found between a lower insulationmass (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
𝑐Ꮄ=0.9% and 𝑐Ꮅ=0.6% of the volume to account for tank contraction due to cooling and space needed
for equipment inside the tank, respectively [55].

Shape andLocation

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, theshapewaschosentobeasclosetoaspherical tankaspossiblewithhemispherical
ends, yielding a shape factor of 𝜆=0.6, defined as the cylinder length to hemisphere radius.
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Layout andMaterials

Forcryogenichydrogenstorage inwarmenvironments, themostweight-efficient layoutwas found tobe
a double tank betweenwhich 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).

Commonmaterialsused insuchpressurevesselsaremetals includingstainlesssteelandaluminium. It
was found in thedesignprocess that thehigher density of steel outweighs its advantages in termsof fa-
tigue, thusyieldingalowerstructuralweightwhenusingaluminium. Thiswasalsoconfirmedinliterature,
whichproposestousealuminium2024inparticular for its lowdensityandcost(comparedtootheralloys)
[58]. Using a worse-case scenario, the fatigue limit with a stress ratio of−1 at 1.2⋅10Ꮇ cycles is found
to be 𝜎al2024=176MPa [9]. Other properties include aYoung’sModulus of𝐸al2024=72.0GPa, a Poisson
ratio of 𝜇al2024 = 0.337, a density of 𝜌al2024 = 2855kgmᎽ3 [9]. While some of these properties improve
whenexposedtocryogenictemperatures,aworse-casescenariowithroomtemperaturewasused[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 (𝜎ᐺᐽᑉᑇ = 478MPa under compression-compression cycles [60]) and a density
46% lower than Al-2024 (𝜌ᐺᐽᑉᑇ=1540kgmᎽ3), 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 (𝐸ᐺᐽᑉᑇ = 44.2GPa)
and its Poisson ratio of 𝜇CFRP = 0.27make 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 LHᎴ, with
a typical thickness being 𝑡liner=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 aremadeof Al-2024. A conservative safety factor of 𝑆𝐹=2, according to aNASA
reportoncryogenichydrogenstorage, isused[63]. Becausethe fatiguebehaviourofcomposites is less
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

LHᎴ 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 𝑣%LHᎴ =4%, combustion with air can occur with an extremely
small inputenergy [65]. Toavoid this, thehydrogenvolumecontent ismonitoredatall timesbyanoptical
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 𝑣%LHᎴ = 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 𝑣%LHᎴ 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), themargin in the crit-
ical hydrogen volume content provides enough time for an emergency landing and evacuation of the
aircraft. This is because this typeof hydrogen release is aprolongedprocess. An representationof this
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system is shown in Figure 6.5.

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

Verification

Handcalculationschecked thealgorithm for tankdesign for single input valuesofmission fuel. Stability
was testedbychangingslightly the input value. When themission fuelwas increased5%, thestructural
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 (𝑚fuel=13.59kg, as determined in the next section). The lowest density is encoun-
teredat themaximumpressure𝑝ᑧᑖᑟᑥ and found from interpolationwith for thecorresponding liquid-gas
mixture at 𝜌LHᎴ,min=46.35kgmᎽ3. This gives a required tank volume𝑉rq as seen in Equation 6.5.

𝑉rq=
𝑚fuel

𝜌LHᎴ,min(1−𝑐Ꮃ)(1−𝑐Ꮄ−𝑐Ꮅ)(𝑓max−𝑓min)
(6.5)

Fromthisvolumeandtheshapefactor, thetank’sradius𝑟ᑚᑟ iseasily found. Therequiredinnershell thick-
ness can be determined both the the cylinder (𝑡cyl) and the hemispherical ends (𝑡hem) 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]. It is an internationally-recognised industry
standard on pressure vessel structural design.

𝑡cyl=
𝑝ᑧᑖᑟᑥ ⋅𝑆𝐹⋅𝑟ᑚᑟ

𝑤⋅𝜎−0.6⋅𝑝ᑧᑖᑟᑥ ⋅𝑆𝐹
(6.6) 𝑡hem=

𝑝ᑧᑖᑟᑥ ⋅𝑆𝐹⋅𝑟ᑚᑟ
2⋅𝑤⋅𝜎−0.2⋅𝑝ᑧᑖᑟᑥ ⋅𝑆𝐹

(6.7)

Thewelding efficiency for Al-2024𝑤 is conservatively assumed to be 0.8 according to theASMEcode,
while forCFRP𝑤 isequal toonedueto theabsenceof joints(filamentwinding isused) [15]. Nocorrosion
allowance has been added as the tank is located in an isolated compartment, thus not in direct contact
with amarineenvironment. For bothmaterials, the corresponding fatigue limit𝜎 is used, and forCFRP,
a non-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
innershell to theoutershell have tobesized. This includespipes to transfer fuelandsupports 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
movingparts and thestructural reinforcement around them, thepipesarenot 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
tankthat isself-activatedwhen𝑝ᑧᑖᑟᑥ is reached. Becauseit isacriticalsafetymechanismanditcontains
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moving part (a spring), a redundant safety valve is addedonaY-shaped junction. Herose’s type 06001
safety valvesuitable for cryogenicapplications is selected,withorificesize𝑑vent=10mmanddischarge
coefficient 𝑐ᑕ=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 flowrate iscalculated inEquation6.9withℎfg being thehydrogen latentheatofvaporisation.4

�̇�vent=𝑐ᑕ ⋅𝜌GHᎴ ⋅𝜋⋅
𝑑Ꮄvent
4 ⋅√2(𝑝ᑧᑖᑟᑥ−𝑝ᑒᑞᑓ)𝜌GHᎴ

[68]

(6.8)

�̇�vent,max=�̇�vent ⋅ℎfg=26.6kW (6.9)

Thismeans thevalvecannot copewithheat flux inputshigher than26.6kW, corresponding to thepower
of a large electrical heater.5 As the tankwill be placed in an insulated compartment, such high heat flux
inputs are not expected to occur within the operations of Futura.

Refuelling andFuel Delivery

For refuellingand fuel delivery, a2-waynormally-closedsolenoid valve is fittedat thebottomof the tank
to carry LHᎴ. As it contains electrical components, it is placed in a containment box to reduce the risk of
sparks. Theselected valve isValcor’s all-weldedhigh-reliability cryogenicV44700valve [69]. A redun-
dant valve is placed in parallel in case one fails to open, for the aforementioned safety reasons. Down-
streamof thesetwovalves, twoother identicalvalvesareplacedat therefuellingportandtheconnection
with the fuel cell, respectively. This createsmore redundancy, this case if one valve fails to close. This
valve typehasa largeorificeof𝑑fuel=10mmwhichallows for the refuellinganddelivery flow rate shown
inEquation6.10andEquation6.11,assumingadischargecoefficient identical to thatof thesafetyvalve.

�̇�refuel(𝑝ᑤᑥᑒ,𝑝ᑧᑖᑟᑥ)=1.04⋅10ᎽᎳkgsᎽ1 (6.10) �̇�FC=(𝑝ᑧᑖᑟᑥ,𝑝ᐽᐺ)=8.05⋅10ᎽᎴkgsᎽ1 (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 𝑝ᑤᑥᑒ = 3bar and 𝑝ᐽᐺ = 2.2bar respectively [70, 71]. This satisfies the
maximum station delivery of 2.78 ⋅10ᎽᎴkgsᎽ1 and the required maximum fuel cell fuel consumption of
ᑇmax
SE⋅ᒌᐽᐺ

=5.40⋅10ᎽᎵkgsᎽ1 [70].

The refuelling port is designed to be compatible with the recharging station of Futuramanufactured by
Linde [70]. A quick air-tight coupling systemproduced byWalther Praezision in cooperationwith Linde
exists for GHᎴ [72]. For safety purposes, an inline safety break-away fromStaubli is added to the refu-
ellingconnection, in case the refuellingnozzle isaccidentally disconnected, and theport doesnot close
automatically [73]. These parts will be modified in cooperation with the producer to work with LHᎴ 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].

PipeStructure andReinforcement

The inner diameter of both pipes, identical, has been determined from the venting and the fuel flow re-
quirements. Theirmaterial is chosen to beaustenitic stainless steel 304, commonly used for cryogenic
piping applications due to its thermal conductivity being lower than aluminium (𝜆steel=8.43WmᎽ1KᎽ1)
[57, 75]. The thickness calculated according to Equation 6.6 yields an un-manufacturable pipe (𝑡pipe=
1.36 ⋅ 10ᎽᎴmm), therefore a more conservative thickness of 𝑡pipe = 1mm is used. To minimise heat
4URL/www.engineeringtoolbox.com/fluids-evaporation-latent-heat-d_147.html [cited 15 June 2019]
5URL masterwatt.nl/product/calida-high-power-30-kw [cited 15 June 2019]

/www.engineeringtoolbox.com/fluids-evaporation-latent-heat-d_147.html
masterwatt.nl/product/calida-high-power-30-kw
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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. Theaddedmaterial will be locatedwithin the insulationmaterial of the tank, between
the inner and outer shells. Due to their small size, the compression effect on the insulation material is
neglected.

Thepipe’s holes create stress concentration both in the inner andouter shells. To compensate this, the
removedmaterial is relocatedwithinaneffectiveboundaryof thehole, asprescribed in theASMECode
[15]. A schematic representation is shown in Figure 6.3.

Figure 6.3: Structural reinforcement around hole in pressure vessel [76].

Theshell reinforcement thickness𝑇ᑤ is constrained to𝑇ᑤ=𝑡ᑤ+2mmwith 𝑡ᑤ being theoriginal shell thick-
ness. This is to limit thecompressionof the insulationmaterial,whichbecomes ineffectivewhenheavily
compressed. The nozzle reinforcement thickness 𝑇ᑟ 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.

𝐴ᑤ=𝑚𝑎𝑥{ 𝑑(𝑇ᑤ−𝑡ᑤ)−2⋅𝑇ᑟ(𝑇ᑤ−𝑡ᑤ), 2(𝑇ᑤ+𝑡ᑟ)−2⋅𝑡ᑟ(𝑇ᑤ−𝑡ᑤ) }[15] (6.12)

𝐴ᑟ=𝑚𝑖𝑛{ 2⋅
Ꮇ
Ꮄ ⋅𝑇ᑤ(𝑇ᑟ−𝑡ᑟ), 2⋅

Ꮇ
Ꮄ ⋅𝑇ᑟ(𝑇ᑟ−𝑡ᑟ) }[15] (6.13)

𝐴ᑤ+𝐴ᑟ⩾𝑡ᑤ ⋅𝑑[15] (6.14)

Thenozzle reinforcement thicknesses𝑇ᑟ is found to rangebetween1.20mmand1.65mm fordepending
on the inner shell material. The effective reinforcement boundaries 𝑥 and 𝑦 as defined in the ASME
codeare found to range from1.00mm to4.13mm. For the outer shell, the reinforcements are locatedon
the inside to ensurea smoothexternal surface,while reinforcements of the inner shell are locatedon its
outside. It ischecked that thenozzle reinforcementboundaries fitwithin the insulationspace,described
further below.

Despite thereinforcement, thepipingconnection is foreseen tobe the tank’sstructuralweakestpartdue
to the 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 (𝜆G10 =
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0.288WmᎽ1KᎽ1) and lowdensity (𝜌G10=1800kgmᎽ3) [78]. To constrain themotionof the shells relative
to each other in all directions, 8 flat cylindrical supports are added, with diameter 𝑑G10 = 40mm and
thickness 𝑡G10=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 dimensionswould 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 𝑝ins = 1.33 ⋅ 10ᎽᎳᎲMPa is reached which brings convection heat transfers to a negligible level
[57]. An uncompressed layer density of 𝑁 = 20 layer cmᎽ1 (i.e. 𝑡layer = 5.00 ⋅ 10ᎽᎴcm) for weight
efficient a MLI with average density 𝜌MLI = 140kgmᎽ3 is used [57]. The emissivity of the aluminised
mylar polymer film at the critical temperature is estimated to be 𝑒ᑞᑪᑝ(𝑇ᑒᑞᑓ) = 3.10 ⋅ 10ᎽᎴ [80]. The
solid conductance of the fibreglass paper is ℎᑤ = 8.5110ᎽᎴWmᎽ2KᎽ1 [57]. The compression effects
from small difference in thickness between the hemispherical ends and the cylindrical section are ne-
glected. This isbecausethethermalpropertiesofMLIremainlargelyunaffectedbysuchsmallvariations
[57].

The allowed incoming heat transfer rate �̇�allow to the tank can be found from operational constraints as
shown inEquation6.15. Unlike �̇�vent,max, �̇�allow is theheat flowallowed fornormaloperationswhichonly
leads to theevaporationand thewasteof 𝑐Ꮃ=5%of the fuel. Temperatureboundariesaresetasworse-
case scenario, namely 𝑇ᑒᑞᑓ=50.0∘C and 𝑇ᑃᐿᎴ=−250∘C. �̇�allow should equal the heat flow transferred
through conduction and radiation are in function of the number of layers 𝑛, which is solved iteratively.

�̇�allow=�̇�cond(𝑛)+�̇�rad(𝑛)=𝑐Ꮃ ⋅
𝑚fuel ⋅ℎfg
𝜏max

W (6.15)

ConductionHeat Transfer

Conduction through theMLI is calculated in Equation 6.16.

�̇�MLI,cond=(𝑇ᑒᑞᑓ−𝑇ᑃᐿᎴ)
𝐴m,sphe+𝐴m,cyl

𝑛⋅𝑡layer
⋅ 1𝑁(ℎᑤ+

𝜎SB ⋅𝑒ᑞᑪᑝ ⋅𝑇ᑒᑞᑓᎵ
2−𝑒ᑞᑪᑝ

( 𝑇ᑃᐿᎴ𝑇ᑒᑞᑓ
)Ꮄ(1+ 𝑇ᑃᐿᎴ𝑇ᑒᑞᑓ

)) [81] (6.16)

𝐴m,sphe and𝐴m,cyl 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-
tion 6.17.

�̇�sub-c.,cond=(𝑇ᑒᑞᑓ−𝑇ᑃᐿᎴ)(𝜆steel
𝐴pipe
ᒕ
Ꮄ 𝑟cyl

+𝜆G10
𝐴support
𝑛⋅𝑡layer

) [56] (6.17)

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

RadiationHeat Transfer

The radiation heat transfer through theMLI is calculated according to Equation 6.18.
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�̇�MLI,rad=(𝑇ᑒᑞᑓᎶ−𝑇ᑃᐿᎴᎶ)⋅𝜎ᑊᐹ ⋅𝑆in ⋅𝐹⋅
1

Ꮄ⋅ᑟ
ᑖᑞᑪᑝ

−𝑛−1+ Ꮃ
ᑖin
+ Ꮃ
ᑖout

[81] (6.18)

𝑒in and 𝑒out are the emissivities of the inner and outer shell material respectively (𝑒al2024=0.70 if unpol-
ished and 𝑒CFRP=0.88) [82, 83]. 𝑆in is the inner shell surface area and 𝐹 the view factor, equal to 1 as
the layers are approximately constant in size.6

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 𝑡ins=𝑛⋅𝑡layer.

6.3.5 Outer Shell Structure

Theoutershellbearsatmosphericpressurefromtheoutsidewhiletheinnervacuumexertsnoforceonit.
Thehighestatmosphericpressureoccurson theground, conservativelyassuming𝑝ᑒᑞᑓ=1.2bar. Note
that this pressure coincidentally equal 𝑝ᑗᑚᑝᑝ, while this will never be the case in real life given that 𝑝SL=
1.0bar. Therequiredshell thicknesscanbefoundfromthecriticalbucklingpressure𝑝ᑒᑞᑓ iterativelywith
theWindenburgandTrillingEquation inEquation6.19,and fromTimosenkoandGere inEquation6.20.

𝑝ᑒᑞᑓ ⋅𝑆𝐹=
2.42⋅𝐸( ᑥcylᑕ )

Ꮇ
Ꮄ

(1−𝜇Ꮄ)
Ꮅ
Ꮆ(ᑃcylᑕ −0.45(

ᑥcyl
ᑕ )

Ꮃ
Ꮄ)

[84]

(6.19)

𝑝ᑒᑞᑓ ⋅𝑆𝐹=
2⋅𝐸( ᑥhemᑕ )Ꮄ

(3(1−𝜇))
Ꮃ
Ꮄ
[85] (6.20)

In the equation, 𝑑 is the outside diameter and 𝐿cyl the cylinder length. It is assumed that the cylinder is
simply supported at both ends by theG-10 supports.

6.3.6 Configuration Choice

Aweight comparison between the three designs configurations is shown in Table 6.3. A usefulmission
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
comparison of three tank designs. The green column is the selected design.

Component Design 1 Design 2 Design 3
Inner shell CFRP+Al-2024 liner CFRP+Al-2024 liner Al-2024
Insulation MLI MLI MLI
Outer shell CFRP Al-2024 Al-2024
Total Structural Mass [kg] 23.4 19.4 25.8

Table 6.4:
Weight breakdown for the selected design.

Component Mass [kg]
Inner shell 7.54
Insulation 4.33
Outer shell 13.8
Supports, internal pipes 0.11

Although the lightest designcorresponds to thehybridCFRP-Al-2024Design 2, the25%weight saving
compared toDesign 3 is not deemed sufficient against its disadvantage regarding its less sustainable
EOLsolution. As itwill beseen inchapter9, theMTOWallows for thissmallweight increase. Theweight
break down for the selected design is shown in Table 6.4. With the conceptual design, the thermal ex-
pansion/contractionwas calculated to be less than 10ᎽᎶm.
6URL https://www.dspe.nl/knowledge-base/thermomechanics/chapter-1---basics/1-2-heat-tra
nsfer/radiation/ [cited 21 June 2019]

https://www.dspe.nl/knowledge-base/thermomechanics/chapter-1---basics/1-2-heat-transfer/radiation/
https://www.dspe.nl/knowledge-base/thermomechanics/chapter-1---basics/1-2-heat-transfer/radiation/
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Layout

Thedifferentshell thicknessesareshowninFigure6.4andthelayoutwithsub-componentsinFigure6.5.
The outer diameter of the tank is equal to 𝑑=867mm and its total length is 𝐿=1.12m.

Figure 6.4: Tank structure.

Figure 6.5: Tank sub-components layout.

6.3.7 Validation

Firstly, validation of the designwas performed by comparing the tank structuralmass to fuelmass ratio
of another liquid hydrogen tank for aircraft applications, where a ratio ᑞtank

ᑞfuel
= 1.56 was found by Ball

Aerospace [86]. Futura’s ratio, equal to ᑞtank
ᑞfuel,mission

= 1.92, is 23% higher most likely due to the non-
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 integrationwith 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 142MJkgᎽ1, more than 3 times as much as jet fuel.7 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
canbeachievedwhencompared tomoreconventionalenergyconversionmethodsbasedon ignitionor
explosion. Table6.5showsacomparisonof theaveragespecificenergyandpowerof fuel cell systems,
andLiFePOᎶ batteries [52, 71, 88] andhighlights how fuel cells systemshavinga relatively lowspecific
power compared to batteries but amuch higher specific energy.

7URL https://www.engineeringtoolbox.com/fossil-fuels-energy-content-d_1298.html [cited 23
June 2019]

https://www.engineeringtoolbox.com/fossil-fuels-energy-content-d_1298.html
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Table 6.5: Comparison between fuel cell system and battery in specific energy and specific power.

System Specific Energy [kWhkgᎽ1] Specific Power [kWkgᎽ1]
Fuel Cell System -HᎴ 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 themarket 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 andare carryingextra
massnotutilised. Throughanoptimisationprocess, it is possible tominimise thedegreeof over-design
by choosing themost 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-
dancymeasurestobeundertaken. It is indeedtruethat for thesamefailureratethenumberof redundant
elements needed is the same and smaller components will add less weight compared to larger coun-
terparts.

Inanutshell,anoptimisationalgorithmhastobedevelopedtoaddressweightminimisation in4aspects :

• Fuel cell rating and battery pack size

• Power andEnergy sizing for batteries

• Component stack over-design

• Redundancymeasures

The algorithm used and itsmain functions are explained in subsection 6.4.2.

6.4.2 Optimisation Algorithm

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
plantmass and its architecture.
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Fuel Cell Rating andBattery PackSize

Figure6.6showsthat fromthemissionprofile itpossible tocreateasetofcomplementaryfuelcell ratings
and battery packs sizes to be further analysed. This set encompasses all the possible combinations of
the twoenergysourcesolutions that span from themaximumpowerbeingmet throughonlya fuel cell to
only throughbatteries. Thealgorithmproceeds toanalysesingularlyeachof thesecombinations to find
which in theendwill deliver the lowestweight. This part of theprogramaddresses the firstminimisation
goal of the trade-off between fuel cell rating and battery pack size.

Power andEnergySizing for Batteries

The algorithm then proceeds to size the battery pack according to themost restricting requirement be-
tween power and energy. It is 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 StackOver-Design andRedundancyMeasures

Thenextprocess in thealgorithm is thesizingof thecomponentsstacksof thepowerplantand iscarried
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, it implements 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.

Algorithmend andOutput

Once theelectricmotors, fuel cellsandbatterieshavebeensized, it ispossible toapply themethodsde-
scribed in section6.2 andsection6.3 to estimate the radiator and tankmasses for every combinationof
power source considered. Finally, all themassesare summedso to find theoverall power plantweight.
Each combination of the battery pack and fuel cell stack is then checkedacross both energy andpower
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-
quirementswhich onedelivers the lowestmass. Theoutput of the algorithm is then the optimumpower
plantmass, and the architecture of the components stackwith 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
algorithmevaluates that theminimumpower plantmass 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 howmuch 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 ismet 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 𝑃ᑞᑒᑩ to
increase lifetime and decreasewear.

Asexpected, theoptimummass isachievedwhenbatteriesareused tomeet thepeakpower 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. It is 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.

Figure 6.8: Battery
mass sizing from energy and power requirement.

Figure 6.9: Power plant mass for the different combina-
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
moreandmorepower ismetthroughbatteries. Themassderivedfromthepowerrequirement increases
linearlywith thebatterypoweroutput. On theotherhand, themassderived from thespecificenergy first
is flatand thenspikesup toaround thecombinationwitha fuelcellof470kW. Thisoccursbecausewhen
the batteries supply only a small percentage of the peak power, the area under the narrow peaks of the
missionprofile is small leading toa lowamountof energy tobestored into thebatteries. However,when
fuel cell stacks delivering less than 470 kW are considered, batteries will also have to be implemented
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incruise. Thishappensbecause the fuel cells runningat70%of theirmaxpowercannotmeet thecruise
power of 327.6 kW anymore. It follows that the energy to be stored in the batteries increases rapidly,
and so does theweight.

Figure 6.9 plots the power plantmass of the combinations that satisfied the power and energy require-
ment. Theminimumweight isachievedfora fuelcell stackoutputting343kW. ByconsideringFigure6.8
again, it can be concluded at this fuel cell stack rating the energy sizing for batteries is more requiring.
This alsomeans that for the consideredmass, the battery pack can deliver more power than required.
Thebatterypack is indeedable todeliveramaximumreliablepowerof1051kW. It follows that, together
with the fuel cell stack, the total reliable power output is 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
DCDCormal 3 600 kW 9.6
DCDCBus 2 40 kW 32
Compressors 8 0.33 g/s 6.3
Radiators 6 na 201
Motor Contr. 14 1200 kW 49
ElectricMotors 8 1200 kW 128
Gear Box 2 9600Nm 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 havebeendesigned to beused inmobile applications andareable
to start and shutmultiple times during their lifetime.

Battery Pack

The battery uses LiFePOᎶ cells that have the advantage to high capacity, high safety, intrinsic stability,
acceptableoperating voltage (3.4Vvs. Li+/Li), environmental compatibility and lowcost [52]. Thespe-
cificenergyandspecificpoweramountsto0.448kWhkgᎽ1and4.48kWkgᎽ1atthedischargerateof10C.

DC/DCConverter

Three Fraunhofer IISB 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/DCconvertermaster 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 aswell SiCMOSFETs and is specifically designed to be plugged in the electrical
systemof 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 themare needed to operate the fuel cell stack.

MotorControllers

Themotor controllersareused to convertDC input intoa3phasecurrent that is used to tune theelectric
motors power output. Themotor controllers used are the 100 kWSiC-Inverter fromFraunhofer. These
motors controllers areagaindesigned tobe lightweight so tobeused inmobility applications [92]. Each
nacelle contains 7motor controllers

ElectricMotor

Theelectricmotor usedare theMagnaxAXF225 [93]. Thesemotors havea very high specific power of
12.5 kWkgᎽ1. These are axial fluxmotors and result to bemore compact and so lighter than traditional
radial flux counter parts. Furthermore, the Magnax AXF225 differently from other permanent magnet
motorshaveayokelessstator, for theshortestpossible fluxpathsand low iron losses. Inorder todeliver
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 tomatch themotor shaft rpm to the rotor rpm. From themission and rotor
characteristics it is possible to determine the torque to be delivered by the gearbox.

𝑇= 𝑃⋅60
𝑟𝑝𝑚⋅2⋅𝜋 (6.21)

where:

𝑃 =Power delivered by the propeller
𝑟𝑝𝑚=Rotation perminute 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 rpmof 552 [93]. Following Equation 6.21 the required output torque is then 9480Nm. On
themotor side of the gearbox, the input torque is 840Nm 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
amax output torque of 9533Nm, 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 themarket 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 couldmeet either the torqueor the input speed requirement [94, 95].8 Through interpolation, it was
possible to estimate that a gearbox tailored on Futurawill 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 systembut can alsomodel any high-level systemdivided into sub-components as an aircraft and
its subsystems.

In the aerospace sector, due to the catastrophic consequences of failures and the complicatedmainte-
nanceprocedures, reliability is crucial, and a commonly accepted failure rate for components amounts
to 10ᎽᎺ. Fromstatistics failure rates for aircraft has an order ofmagnitude of 10ᎽᎸ [96].9 Assuming that
inasampleaircraft thereareaveragely10Ꮃ subsystemsthat furtherencompass10Ꮃ componentstacks,
it canbeexplained the10ᎽᎺ figure.10 It follows that if asystempresentshigher 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=𝑒Ꮍᒐ⋅ᑥ (6.22)

where:

𝑅=Reliability
𝜆 =Failure rate of component
𝑡 =Operative time in-betweenmaintenance operations

Equation6.22shows that reliabilitycanbemodelledwithanegativeexponential curve foragiven failure
rate and time interval. Mathematically, it follows that an increase in 𝜆 or 𝑡 leads to lower𝑅. This logically
occurs because more frequent failures or longer operational times endanger the safe operation of a
givencomponent. Anotherpopularmethod isusingWeibull distributions, theseallow foramore flexible
modellingand thepossibility toachievea ”bathtub” shapeddistribution, typical of componentswithhigh
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 onmany 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 themodes, 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.

𝜆=𝜆Ꮃ+𝜆Ꮄ+𝜆Ꮅ+...+𝜆ᑜ (6.23)

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.

9URL https://www.aviationpros.com/home/article/10388070/measuring-reliability-and-avail
ability [cited 21 June 2019]

10As 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 ኻኺᑅ
will have a magnitude of ኻኺᑅᎼᎳ.

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 resemblesmanyelectrical systemsasa collection ofSolarCells
(A) in a PV array (B) or battery cells (A) in battery packs (B). From basic electrical engineering theory,
unlessapropersecondarypathhasbeendesigned, the failureofacomponentwill bringall of theothers
connected in series tomalfunction aswell. This occurs due to the incapacity of the current to overcome
and flow around themalfunctioning 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
suchanevent tooccur is the reduction in theoutputcurrentof thecomponentsstack. It is thenexplained
why redundancy is created in parallel rather than in series. Themathematical consequences of these
considerations are shown in Equation 6.24 andEquation 6.25.

𝜆ᑣᑠᑨ=𝜆⋅𝑁ᑤᑖᑣᑚᑖᑤ (6.24)

where:

𝜆ᑣᑠᑨ =Failure rate of a row of components
𝑁ᑤᑖᑣᑚᑖᑤ=Number of components in series

𝜆ᑅᑤᑚᑞ=𝜆ᑣᑠᑨᑅᑤᑚᑞ (6.25)

where:

𝜆ᑅᑤᑚᑞ=Failure rate of N simultaneouslymalfunctioning rows
𝑁ᑤᑚᑞ =Number simultaneouslymalfunctioning row

In a nutshell, failure rate propagates through addition in series andmultiplication in parallel.
Established the basics of failure rate, it is possible to investigate its relationship at the stack level. More
precisely,Figure6.10showsthescenario inwhichBmeets itsset requirementsthroughthecorrect func-
tioning of all of its subcomponents A. Thismeans that in the case of failure of one ormore components,
regardless of their disposition, also Bwill fail tomeet its requirements. It follows that:

𝜆ᐹ=𝜆ᑣᑠᑨ ⋅𝑁ᑣᑠᑨ=𝜆ᐸ ⋅𝑁ᑤᑖᑣᑚᑖᑤ ⋅𝑁ᑣᑠᑨ=𝜆ᐸ ⋅𝑁ᐸ (6.26)

where:

𝜆ᐹ =Failure rate of the components stack B
𝜆ᐸ =Failure rate of the component A
𝑁ᑣᑠᑨ=Number of components rows in parallel
𝑁ᐸ =Number of components A

If 𝜆ᐹ does not meet the set industry requirement of 10ᎽᎺ 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
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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. Inmathematical terms:

𝜆ᐹ=𝜆ᑣᑠᑨᎳᎼᎳ ⋅(
(𝑁ᑣᑠᑨ+1)
1+1 ) (6.27)

where:

𝑁ᑣᑖᑕ=Number of redundant rows in parallel
(ᑟᑜ) =Number of combinations of k in n :

ᑟ!
ᑜ!(ᑟᎽᑜ)!

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

𝜆ᑤᑥᑒᑔᑜ=𝜆ᑣᑠᑨᑅᑣᑖᑕᎼᎳ ⋅(
(𝑁ᑣᑠᑨ+𝑁ᑣᑖᑕ)
𝑁ᑣᑖᑕ+1

) (6.28)

Equation 6.28 can be validated by realising that it encompasses also the original case described by
Equation6.26. Insuchcase, thestackwasdesigned to justmeet the requirementsandsono redundant
rows of components are implemented, leading to 𝑁ᑣᑖᑕ being 0. If such insight is substituted in Equa-
tion6.28 itcanbe immediatelyseenthat(ᑅᑣᑠᑨᎳ ) isequal to𝑁ᑣᑠᑨ itself leadingback toEquation6.27. The
powerfulness of suchmodel lies in the relationships it draws between the number of components, their
disposition, their failure rate and theoverall stack failure rate. Thismeans that for a goal failure rate and
setof requirements, it ispossible todeterminehowmanyredundantcomponentsshallbe implemented.

6.5.2 Design Modifications

Thepowerplantdesignispresentedinsection6.6,wherethecomponentsstacksizeandinter-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
subsectionassumes that components specifically developed for theaerospace industryhavebeende-
signed to comply with the regulations. Meaning that components as the onboard computer, combiner
box, systemmeters, charge/loadcontroller, quadratureencoders,wing/nacelleswivelsandgearboxes
are assumed to have a failure rate of 0.5⋅10ᎽᎺ. Themost critical components stacks considered for the
calculationof thereliabilityof thepowerarethefuelcells,batteries,DC/DCconverters,motorcontrollers
and electricmotors.

PEM fuel cell failure rate, as explained by a performance evaluation from NASA, amounts to 1 ⋅ 10ᎽᎸ
[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 is still able to function properly.
Lithium-Ionbattery failure rate isestimated tobe1⋅10ᎽᎹ according tomodelsbuildupon theBoeing787
Dreamliner battery pack. The battery pack counts 64 rows of 64 cells each.

Radial compressors show a failure rate of 1.65 ⋅ 10ᎽᎷ, 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 themare connected in parallel.
As for theDC/DCconverterof thebus, thedatasheet reportsamean timebetween failureofover50000
hours. Thisleadstoafailurerateof2⋅10ᎽᎷ. FortherestofDC/DCconverters, thefailurerateisestimated
to be 2.79 ⋅10ᎽᎸ with mosfet failure dominating above diode, and Capacitor Polypropylene metalised
filmmalfunctions. It isestimatedthatoneconvertercanhandleboththeradiatorandcompressorstacks.
Motor controller alsomounts amosfet and are similar in architecture toDC/DCconverters differing just
in theAC current output. It can be concluded that a similar failure rate to theDC/DC converter can then
be assumed also for the motor controller. To operate the motors four controllers connected in parallel
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are needed per rotor.

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 inascendingorderbyastudy from theUniversityof Johannesburgare related tostatorhous-
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 ⋅ 10ᎽᎷ. 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 𝑁ᑤᑖᑣᑚᑖᑤ 𝑁ᑣᑠᑨ 𝜆 [ℎᎽᎳ] 𝜆ᑚᑟᑚᑥᑚᑒᑝ [ℎᎽᎳ] 𝑁ᑣᑖᑕ 𝜆ᑣᑠᑨ [ℎᎽᎳ] 𝜆ᑤᑥᑒᑔᑜ [ℎᎽᎳ]
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/DCBus 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, 𝜆ᑚᑟᑚᑥᑚᑒᑝ is used to determine whether the component stack needs redundant rows tomeet
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 10ᎽᎺ. By applyingEquation 6.28, it was possible to evaluate theminimumnumber
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 systemhas a failure rate of 3.66⋅10ᎽᎺ hᎽ1.
It can be concluded that through the implementation of extra components row, the power plant system
meets the set target of failure rate, and it is safe to be operated.

6.6 Power Plant EBD

Thissectionpresents thearchitectureof thesystem. Adetailedelectrical blockdiagram,EBDhasbeen
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, themonitoring 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.
Thecombinerboxand its fuseshave then tobesized for themost restrictingvoltageandcurrent require-
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 167mounts 167 cells leading to themax voltage rating of:

𝑉ᐽᐺᑤᑥᑒᑔᑜ=𝑉ᐽᐺᑔᑖᑝᑝ ⋅167⋅𝑁ᑤᑖᑣᑚᑖᑤ=0.65⋅167⋅2=217.1V (6.29)

Where:
𝑉ᐽᐺᑤᑥᑒᑔᑜ=Maximumvoltage of the fuel cell stack.
𝑉ᐽᐺᑔᑖᑝᑝ =Maximumvoltage of a singe cell.

Themaximumoutput current of the fuel cell stack can also be calculated as:

𝐼ᐽᐺᑤᑥᑒᑔᑜ=𝐼ᐽᐺᑔᑖᑝᑝ ⋅𝑁ᑣᑠᑨ=450⋅4=1800A (6.30)

Where:
𝐼ᐽᐺᑤᑥᑒᑔᑜ=Maximumcurrent of the fuel cell stack.
𝐼ᐽᐺᑔᑖᑝᑝ =Maximumcurrent of a singe cell.

Battery Pack

The second energy source of the power plant is the battery pack implementing LiFePOᎶ cells. This
cell chemistry hasbeenaroundsince1997and is used in stationary energy storage suchas renewable
energy and smart grids, aswell as on-board energy storage such asHEVs, EVsandPEVs [52]. Oneof
themain challenges of this type of battery is low ionicmobility 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
kineticsofLi-iontransportandachievespecificenergyof0.448kWhkgᎽ1at10Crateofdischargeandso
4.48kWkgᎽ1 specific power. Eachbattery cell hasamaximumoutput voltageof 3.4Vat 10Cdischarge
rate [52].

The batteries, in the worst case scenario, shall be able to meet themaximum 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 thatwill be treated inmoredetailed later on. It follows
that the number of battery cells needed in series is:

𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ=
𝑉ᐽᐺᑤᑥᑒᑔᑜ
𝑉ᐹᑔᑖᑝᑝ

= 217.53.4 ≈64 (6.31)

Where:
𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ=Number of battery cells in series.
𝑉ᐹᑔᑖᑝᑝ =maximumvoltage of a single battery cell.

In order to enhance the quick launch on themarket of the battery pack, industry standards cell packag-
ing has been considered. This would allow for the use of readily availablemachinery 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 𝑑ᑔᑖᑝᑝ of 21mm and length
𝑙ᑔᑖᑝᑝ of 70.5.11,12 The volume of such battery cell can be calculated to be:

𝑉𝑜𝑙𝑢𝑚𝑒ᑔᑖᑝᑝ=(
𝑑ᑔᑖᑝᑝ
2 )

Ꮄ
⋅𝜋⋅𝑙ᑔᑖᑝᑝ=(

21
2 )

Ꮄ
⋅𝜋⋅70.5=24418.4mm3=2.44𝐸−2liter (6.32)

11URL https://www.amicell.co.il/batteries/rechargeable-batteries/li-ion-batteries/ [cited 23
June 2019]

12URL https://www.teslarati.com/inside-tesla-model-3-2170-lithium-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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LiFePOᎶ cells are reported to have an energy density 𝜌ᑔᑖᑝᑝ of 1000WhLᎽ1 [52]. It is then possible to
calculate howmuch energy is stored in the standard sized battery cell:

𝐸ᑔᑖᑝᑝ=𝜌ᑔᑖᑝᑝ ⋅𝑉𝑜𝑙𝑢𝑚𝑒ᑔᑖᑝᑝ=1000⋅2.44𝐸−2=24.418Wh (6.33)

Where:

𝐸ᑔᑖᑝᑝ =Energy capacity of a battery cell
𝜌ᑔᑖᑝᑝ =Energy density of LiFePOᎶ cells
𝑉𝑜𝑙𝑢𝑚𝑒ᑔᑖᑝᑝ=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 howmuch energy has to be stored in the batteries,𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ , 𝐸ᑔᑖᑝᑝ and𝑁ᑣᑖᑕ it
is possible to calculate the number of cell rows in parallel:

𝑁ᑔᑖᑝᑝᑡᑒᑣᑒᑝᑝᑖᑝ=
𝑒𝑛𝑒𝑟𝑔𝑦𝑠𝑡𝑜𝑟𝑎𝑔𝑒
𝐸ᑔᑖᑝᑝ ⋅𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ

+𝑁ᑣᑖᑕ=
100𝐸3

24.418⋅64+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 theoverall design. Thebattery cells need tonot be in contactwitheachother sonot to
short circuit rows. This can be done by separating the cells with a non-conductivematerial as a glue or
cardboard 13. 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 samemanner that the fuel cells and the electricmotors are. As forminimum 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
shrink tapeandthenplaced ina lightweightplasticcasing. Inconclusion, it isestimatedthat thereshould
bearound twommof space to be left in between the cells to allow for themeasuresmentionedabove to
be implemented it follows that:

𝑤ᐹ=
𝑁ᑔᑖᑝᑝᑡᑒᑣᑒᑝᑝᑖᑝ
𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ

⋅𝑑ᑔᑖᑝᑝ+𝑠⋅(
𝑁ᑔᑖᑝᑝᑡᑒᑣᑒᑝᑝᑖᑝ
𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ

+1)= 662 ⋅21+2⋅(
66
2 +1)=748.5mm (6.35)

𝑙ᐹ=
𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ
𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ

⋅𝑑ᑔᑖᑝᑝ+𝑠⋅(
𝑁ᑔᑖᑝᑝᑤᑖᑣᑚᑖᑤ
𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ

+1)= 642 ⋅21+2⋅(
64
2 +1)=738.0mm (6.36)

ℎᐹ=𝑙ᑔᑖᑝᑝ ⋅𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ+(𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ+1)=70.5⋅2+3⋅2=147mm (6.37)

Where:

𝑤ᐹ =Width of the battery pack.
𝑙ᐹ =Length of the battery pack.
ℎᐹ =Height of the battery pack.
𝑁ᑔᑖᑝᑝᑝᑒᑪᑖᑣᑤ=Number of layers of cells in the battery pack.

Charge/loadController andAppendices

Boththebatterypackandthefuelcellstackareconnectedtothecharge/ loadcontroller. Safetyswitches
on both connecting lines have been implemented to avoid uncontrolled voltage and current input in the
component. Oneof themain functionsof thecharge/ loadcontroller is tocommunicatewith theonboard
computer and manage the input from both the fuel cell stack and batteries. Furthermore, it tracks the
state of chargeof the battery pack through voltmeter andammeter ratings andassures the safe charge
anddischargeof it. It follows that onesideof the recharging line is directly connected to thecharge/load
13URL 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 an inverter/charger in DC current to be fed in the power plant system.
Thecharge/loadcontroller distributes theproducedpower toall the relevant systems in thecircuit. One
specific line is dedicated to compressors and radiators, and voltage compatibility is assured through
the implementationof twoFraunhoferDC/DCconverters. The ignition switch is placedalong thepower
line of the compressors. When the system is started, the compressors start feeding air to the fuel cells
that in 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 input is fed into themotor controllers that convert DC current to a 3 phase output tuned to
operate the motors. About 600 kW are needed at each nacelle to perform the mission. This power is
tuned by sevenmotor controllers of which one is redundant.
Secondly, themotor train counting four units in each nacelle operates themain shaft. At the 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
quadratureencodermeasures therotationalspeedof therotorand,bycommunicatingwith theonboard
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 themaster bus. The electric line from themas-
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, etc..), 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 hᎽ1 was reached.



7. Stability and Control

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 surfacesandactuators is done, including thehorizontal and vertical empennagesaswell as the
vertical control actuators. Ananalysis of the control system follows this in section7.5, ananalysis 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, it isnecessary to identify themaximumtouchdownrate theaircraft canencounterduring 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 𝑤ᑥ=3.05 msᎽ1 using Roskam IV statistical relation-
ships [98]. During landing, it is assumed that themain landing gear has to absorb all the energy during
the touchdown. Hence themaximum energy the landing gear will ever encounter is dependent on the
maximumvertical speed according to Equation 7.1 [98].

𝐸ᑥ=
1
2𝑊ᑝ𝑤ᑥ

Ꮄ (7.1)

Where the landing mass𝑊ᑝ 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].

𝐸ᑥ=𝑛ᑤ𝑃ᑞ𝑁ᑘ(𝜂ᑥ𝑠ᑥ+𝜂ᑤ𝑠ᑤ) (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 𝜂ᑥ=0.47 [98]. Oleo-pneumatic shock absorbers were chosen for the
landing gear: their energy absorption efficiency is on average 𝜂ᑤ=0.8 [98]. The required stroke length
𝑠ᑤ can be computed using Equation 7.3.

𝑠ᑤ=
[
Ꮃ
ᎴᑎᑝᑨᑥᎴ

ᑟᑤᑇᑞᑅᑘ
−𝜂ᑥ𝑠ᑥ]

𝜂ᑤ
(7.3)

A landing load factor of 3, which is typically of CS-23 aircraft [98], is used and a static load on themain
landing gear (𝑃ᑞ) 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
main landinggear. It is important tospecify that themain landinggearhas twostrutsand twowheelswith
the loading forceacting through the strut axis. The landinggear tires characteristics are summarised in
Table 7.1.

Table 7.1: Main and nose landing gear tires characteristics.

Main Nose
𝐷Ꮂ [m] 0.43 𝐷Ꮂ [m] 0.35
𝑑 [m] 0.22 𝑑 [m] 0.15
𝑏ᑥ [m] 0.17 𝑏ᑥ [m] 0.11

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

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 𝑙ᑟ and 𝑙ᑞ shown in Figure 7.1 would vary the position of the centre of gravity consequently
changing theweight distribution over the nose andmain landing gear.

Figure 7.1: Illustration 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 𝑙ᑞ ≥= (ℎᑔᑘ+𝑠ᑤ+𝑠ᑥ) ⋅ tan𝜃ᑝ
[100]. The landing tip back angle 𝜃ᑝ was approximated to 8.65 ᑆ since this was the angle at which
𝑉ᑒᑡᑡᑣᑠᑒᑔᑙ can be attained in clean configuration chapter 5. This case was considered as the limiting
one in caseof full power shut downand inability to operate the flaps. Themaximumdeflectionof the tire
and shockabsorber 𝑠ᑤ and 𝑠ᑥweredetermined 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, shown in Figure 7.2, and 𝑙ᑟ and 𝑙ᑟ.

𝑦ᑄᑃᐾ>
𝑙Ꮺ+𝑙Ꮹ

√ ᑝ
ᎴᏪᏰᏝᏪᎴᒝ
ᑙᑔᑘᎴ

−1
(7.4)

Where 𝜓 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 landingwhen the
propellers are tilted upwards, and the nacelle casing is in the vertical position. 𝑦ᏏᏎᏉ>𝑦Ꮱ−

ᑫᏪ
ᏰᏝᏪᒛ had to

be satisfiedwhere 𝑧Ꮺ is the height fromgroundof the bottomof the nacellewhen in vertical position and
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𝜑 has to be at least 5°. The distance from the centerline to the nacelle is 5.185m. The value of 𝑧Ꮺ was
0.523m.

As mentioned above, the landing gear design process was iterative. As the mass components varied
the centre of gravitywould changeposition impacting the variousdesign constraintsmentionedabove.
A summary of the landing gear parameters is presented in Table 7.2. The nose andmain 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 bemadeof the steel alloyAISI 4340 since thismaterial is preferred
for high loaded structures [9, 41]. Additionally, the landing gear wheel is made of MagnesiumElektron
ZW3F since this is the typicalmaterial used for such applications [9].

Table 7.2: Summary of the landing gear geometry parameters.

𝑦ᑄᑃᐾ [m] 1 𝑙ᑟ 3.4 [m]
ℎᑔᑘ [m] 1.3 𝑙ᑞ 0.28 [m]

7.1.3 Verification and Validation

Theverificationandvalidationprocedureof the landinggeardesignparametershasbeencompletedby
checking thatall theobtaineddimensionwould respect thecriteriaestablished insubsection7.1.2. Also
creating theCATIAmodel of the landing gear allowed to have amuch better visual understanding of its
integrationwithother aircraft’s systems. Forexample, itwaspossible to check the lateral positionof the
landinggear in thewing. Additionally, itwaspossible toverify that therewouldbeenoughspace tostore
themain landinggear in the fuselage. Themovement of the landingwasalsoensuredbydeveloping its
kinematic concept. An visual of the landing gear can be observed in Figure 7.3.

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 themost 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 complicatedwithmanymoving parts, therefore likelymaking requiredmaintenancemore
regular. However, the mechanism is quick in changing the direction of the thrust vector, making the
aircraftmore quickly controllable. A second solution to provide vertical stability and control is with a fan
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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 addsmoremass than
the cyclic.

Considering these three different options, the most viable option is the use of collective and cyclic.
Although thenacelle rotation, asaprimarycontrolmethod isdiscarded, theuniqueaspectsof a tilt-rotor
canstill beused to theadvantageof thedesign. Specifically, for longitudinal pitch, thenacelle canbe ro-
tated slightly. For example, for rearwardmovement, thenacelle canbe rotatedbackwards. The largest
drawback is that the c.g. placement is rigorous. The c.g. must lie very near to the rotor so that changes
in the angle of thrust can sufficiently change themoments 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 theT-tail, theV-tail, and the canard. Todefinewhich 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
Weight

DecreasedControl
Effectiveness

Canard Positive Lift Possible
Unrecoverable Stall

T-tail Lower InterferenceDrag,
Improved Fin Efficiency

DeepStall Considerations,
Structurally Heavy

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.
Themaindrawbackof thisconfiguration isrelatedtothefact that thecontrolsurfaceswouldbesubjected
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 theweight of the aircraft. As a consequence, a lowerwing surface area is required. On
the other hand, a centre of gravity shift behind the aerodynamic centre of themain wingwould result in
a dangerous pitch upmoment, 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 interferencedrag is becauseonly 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
aircraftentersastallathighanglesofattack, suchstall ischallenging to recover,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 extramoment created by the horizontal stabiliser being located
at the top of the vertical fin.

In conclusion, while the canard and T-tail are preferred over the Vtail, 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 assesswhich configuration is themost 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
defininganoptimumvalue for thehorizontal stabiliser surfacearea. 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
combinationof the twoare insteadpresented in subsection7.3.3. Finally, theapproach 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

Giventhata liftingbodyfuselageis implemented inthedesign, theperformedanalysisalsotakes intoac-
count theadditional lift that thefuselage itselfproduces inadditionto theoneof themainwingandthetail.
Themain lifting forcesaffecting stability and controllability for aT-tail aircraft are sketched inFigure7.4.
A comparable sketch and the following reasoning can similarly be done for a canard configuration.

Figure 7.4: Sketch of the lifting forces acting on the aircraft.

Ithasbeenassessedthat foraT-tailconfigurationtheliftgeneratedbythefuselagenegativelyaffectsthe
stability and the controllability of the aircraft. This conclusion canbedrawnon 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:

𝑆ᑙ
𝑆 =

𝑥ᑔᑘ
ᐺᑝᒆᑙ
ᐺᑝᒆᑨ

(1− ᑕᒠ
ᑕᒆ)(

ᑍᑙ
ᑍ )

Ꮄ ᑝᑙ
ᑔ

−
𝑥ᑒᑔ−𝑆𝑀−

ᐺᑝᒆᑗ
ᐺᑝᒆᑨ

ᑊᑗ
ᑊ
ᑝᑗ
ᑔ

ᐺᑝᒆᑙ
ᐺᑝᒆᑨ

(1− ᑕᒠ
ᑕᒆ)(

ᑍᑙ
ᑍ )

Ꮄ ᑝᑙ
ᑔ

(7.5)

𝑆ᑙ
𝑆 =

𝑥ᑔᑘ
ᐺᑝᑙ
ᐺᑝᑨ
(ᑍᑙᑍ )

Ꮄ ᑝᑙ
ᑔ

+
ᐺᑞᑒᑔᑨ
ᐺᑝᑨ

−𝑥ᑒᑔ+
ᐺᑞᑒᑔᑗ
ᐺᑝᑨ

+ ᐺᑝᑗᑊᑗ⋅ᑝᑗ
ᐺᑝᑨᑊ⋅ᑔ

ᐺᑝᑙ
ᐺᑝᑨ
(ᑍᑙᑍ )

Ꮄ ᑝᑙ
ᑔ

(7.6)



74 7. Stability andControl

where the down-wash ᑕᒠ
ᑕᒆ and the velocity ratio

ᑍᑙ
ᑍ take a value of 0 and 1 respectively due to the T-tail

configuration. When lookingatEquation7.5, thecontributionof the fuselage is representedby the term
ᐺᑝᒆᑗ
ᐺᑝᒆᑨ

ᑊᑗ
ᑊᑨ

ᑝᑗ
ᑔ . Since such term is positive, the stability curve shifts upwards in comparison with the one

of a 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 ᐺᑄᑒᑔᑗ

ᐺᑝᑨ
+ ᐺᑝᑗᑊᑗᑝᑗ
ᐺᑝᑨᑊᑨᑔ

has also an analogous effect by shifting the
controllability curve upwards.

7.3.2 Payload Diagram

Tocorrectly size the horizontal stabiliser, it is necessary to know the location of the emptyweight centre
of gravity and how the centre of gravity itself moves when the payload and the fuel are loaded on the
aircraft. The locationof thedifferentmaincomponentsof theOEWand the relatedweightsare reported
in Table 7.4. Furthermore, the loading diagram of the aircraft corresponding to the final OEW location
of 0.465 of theMAC 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
FixedEquipment [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

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
shownby the topblue line. Ascanbeseen fromthediagram, themaximumcentreofgravityshift ranges
from44% to 50%of theMAC.

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

Figure7.6andFigure7.7show the resultsof thecombinationof thescissorplot and thecentreofgravity
rangediagramfor theT-tail configurationand thecanard respectively. It canbenoticed inFigure7.6 that



7.4. Control Surface Sizing 75

a negative 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 tomake 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 themainwing 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
area ratio of 0.6 seemsunfeasiblewhencompared to theonesof the referenceaircraft listed in subsec-
tion 7.4.1; also, a bigger 𝑐.𝑔. range is achievable when the surface area is increased. An horizontal tail
surfaceof 2.69m2 is thereforeobtained. For this tail surfacearea, a correspondingwingposition is also
determined. The leadingedgeof thewing ispositionedat34%of the fuselage length toachievestability.

Figure 7.6: Scissor plot canard configuration. Figure 7.7: Scissor plot T-tail configuration.

7.3.4 Vertical Fin Sizing

Thesizingof thevertical tail is usually doneconsidering thesituation inwhichoneengine is inoperative.
The required tail surface area has to be able to generate enough lift to counteract themoment created
by theoperativeengineabout thecentreof gravity and tokeep thesideslipangleat 0°. Themost critical
condition the tail shall be sized for is at speeds close to the stall speed,when the lift generated by the fin
is the lowest. The thrust required toovercome thedrag in this condition is2187.77N, therefore resulting
in amoment of 11299.8Nm.

A lift coefficient valueof0.764hasbeen retrieved fromJavafoil basedon theselectedNACA0018airfoil
( see subsection 7.4.1), to which a maximum rudder deflection of 8° has been applied to counteract
suchmoment. Furthermore, a rudder over vertical tail cord ratio of 0.415hasbeenderived knowing the
rudder over vertical fin surface area from reference aircraft as reported [30]. A tail surface area of 1.68
m2 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 andmainwing control surfaces can be sized. This
is done in subsection7.4.1, subsection7.4.2 andsubsection7.4.3 respectively. In subsection7.4.4 the
swashplate and nacelle swivels are analysed.
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7.4.1 Empennage Planform Geometry

Themain parameters characterising the geometry of the horizontal and vertical surfaces are shown in
Table7.5with their relatednumerical value. Eachof thesevalueshasbeendefinedbasedon reference
twin-engine propeller aircraft as reported in [30]. Such values are also shown in Table 7.5. Among the
differentaircraft categories forwhich relevantdataareprovided in [30] the twin-enginepropeller 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,
theDuke 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 AssignedValue
Aspect Ratio 3.7-7.7 4 0.18-1.8 1.2
SweepAngle 0-17 0 18-45 18
Taper Ratio 0.48-1 1 0.33-0.74

Airfoil NACA009-
NACA0018 NACA0018 NACA009-

NACA0018 NACA0018

Dihedral 0-12 0 90 90

A brief explanation is here below provided for themain 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, a cord of 1.18m and a
span of 1.42m is 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, aminimumsweep 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 lowMach 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
taper ratio of value 1 seemsmore 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 themainwing.

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 thementioned 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-
mensionsof the rudder follow instead from thesizingof the vertical fin asdescribed in subsection7.3.4:
being the rudder cord 41.5% of the vertical fin cord, a rudder area of 0.69m2 is consequently derived.
Table 7.6 summarises the discussed results.
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Table 7.6: Elevator and rudder dimensions.

Elevator Rudder
SurfaceArea [𝑚Ꮄ] 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
theClass Iweightcategory theaircraft belongs to. Following thestepwiseapproachasexplained in [34]
andbasedon thedefinedwinggeometry,acontrolsurfacewithachordof0.5mandaspanof2.86mhas
been designed. The controlled surface so defined allows for a roll rate of 1.029 radsᎽ1 with a deflection
angle of 15 deg therefore satisfying the required roll rate. It has been assessed the fact that since the
flapalreadyspansover2.86moutof thewinghalf span, sizing theaileronseparatelyon thebasison the
remainingavailablespace,wouldhaveresulted intoa roll rateof0.38 radsᎽ1. Combining theaileronand
the flap into a flaperonwas, 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 andnacelle hinges are required. Collec-
tive issizedaccording toconstraintsofdifferentsubsystempartswhereas thenacelle issizedaccording
to required torque required for rotation and themaximumandminimumangular setting.

Swashplate

The swash plate is comprised of collective and cyclic. The collective anglemust 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 flappingcapabilitiesmust alsobeavailable toprevent over-stressing thebladewith constantly
changing lift in 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°. Themovement past 90° allows for the aircraft tomove 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 seen in Table 7.7 [47].
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Table 7.7: Pilot Rotational Preference Response [47].

Axis Time [s] MinimumResponse [rad]
Longitudinal 1 0.046
Lateral 0.5 0.028
Yaw 1 0.112

Assumingaconstantaccelerationon thenacellehinge, the requirednacelle rotationalaccelerationcan
be found for yawpreferences. 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 radsᎽ2. Themoment of inertia of the aircraft was calculated by assuming rotation about two solid
cylinders, the fuselage, and thewing. 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.

𝐼ᑪᑪ
𝑑𝜔ᑪ
𝑑𝑡 +𝜔ᑩ𝜔ᑫ(𝐼ᑩᑩ−𝐼ᑫᑫ)=𝑇ᑪ (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. Themechanism is proven in this application by a similar use by Eaton in the V-22Osprey
[104]. For the equivalent equation toEquation 7.7 in the z-direction, there is a torqueexerted due to the
rotation inboth they-direction (nacelle rotation)andx-direction (rotor rotation). Considering therotation
of the rotors at 60 radsᎽ1 the torque exerted on the wing is 4000Nmwhich is significantly less than the
bending loading of thewing 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 pilot inputs, the dynamic control system, and the navigational control system.

7.5.1 Pilot Inputs

The inputs of suchanaircraft are complicatedas the controlsmust bemixedanddescribed for different
phasesof flight. For helicopters, pilotsmakeuseof a lever for collective,with a rotatinghandle 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 posesmany 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. Thehandgrip of the lever rotates to control the throttle of theengines, and the topof the lever has
a rotatingswitch to control the rotationof thenacelles simultaneously. Thecontrol systemmanages the
differential control of the collective and nacelle rotation. On the right hand is the stick input that can be
moved forward, backward and fromside 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.
Themain 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

DynamicControl

There are two vital aspects to the control such that an aircraft can transition betweendifferentmodesof
flight. The first is 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 lowairspeeds aswell. As the nacelle
rotates forward, the cyclic control output from thecomputer phasesout as the controlmodeof the cyclic
becomesmore coupled with other motions. The cyclic control must not phase out before 45° because
theconstant forwardvelocity tobesustainedbywingshasnotnecessarilybeenachievedyet. Thevalue
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;
suchas, thecontrol of the flaperons formaximum lift during the transition, control of themotor torque for
collective changes, and coupled controls in hover whichwill be discussed next [103].

Themain 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 torquechangeonboth shall counter eachother, resulting in noyaw. 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
lateraldirectionafter thesufficient rotationhasbeenachieved. Finally, the longitudinaland lateral cyclic
coupling ismitigated bymixing 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, andyawduring flight. GPSand radardata isneededaswell tounderstand theheadingandglobal
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 seen in section 9.4.

NavigationControl

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 tomore accurately estimate the state [105]. The
combination of the dynamic control and navigation control can be seen in Figure 7.8.

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 aircraft in the same
weight category [40]. With a safety factor of 1.5 for the mass of the hydraulic system is approximately
175kg. Theweightof thenacelleswivelsare in totalapproximately40kg [104]. Themassof theavionics
areestimated in section5.3. The rudderandelevatorweightsare included in theempennagestructural
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 AW609. 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

Thenose gear is placed 3.4m in front of the centre of gravity and themain landing 0.28mbehind
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.



8. Aerodynamic Surfaces Structures

Themain 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 themain wing structure in
section 8.2 and finally an analysis of the empennage structures is carried out in 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 VonMises 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

𝜎ᑧ=√
𝜎Ꮄᑪ+6𝜏Ꮄᑩᑫ

2 (8.1)

Where 𝜎ᑪ is the direct stress due to bending and 𝜏ᑩᑫ 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 stiffenerwidth on the effective panel strength. Buckling stress is calculated using equation

𝜎ᑔᑔ panel =
(𝐴 stiffener +2𝑤ᑖ𝑡 skin )(𝜎ᑔᑔ) stiffener +(𝑏−2𝑤ᑖ)𝑡 skin 𝜎ᑔᑣ

𝐴 stiffener +𝑏𝑡 skin
(8.2)

where𝐴 stiffener is theareaofastiffener,𝑤ᑖ is theeffectivesheetwidthdue tostiffenerwidth, (𝜎ᑔᑔ) stiffener
is the crippling stress of the stiffener, b is the stiffener pitch, 𝑡ᑤᑜᑚᑟ is the thickness of the skin and 𝜎ᑔᑣ 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

Themain wing is themost critical structural member of the aircraft as it provides the load path from the
rotors to the fuselage inhover, aswell as from the lift to the fuselage. In theparticular caseofFutura, 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 assemblymakes the design of the wing particularly
challenging.

81
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8.2.1 Design Conditions and Layout

Theprimarypurposeof thewing,asmentioned, is toprovidealoadpathforaerodynamicaswellasstatic
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
preliminarystructural sizing, theweights in they-direction (concerning the reference frameofFigure8.1
andFigure8.2), aswell as torquesalongx,are taken intoaccount toconverge toapreliminarystructural
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 itsmaximumundergusts loadsaccording toCS-29witha load factor of up to3.5asspecified in
section 5.2 [35]. The internal moment at the root can be calculated with Equation 8.3 while the internal
shear is just the sumof forceswithout arms.

𝑀ᑣᑠᑠᑥ=𝑇⋅(𝑏/2)+𝑊ᑟᑒᑔᑖᑝᑝᑖ ⋅(𝑏/2)+𝑊ᑣᑒᑕᑚᑒᑥᑠᑣ ⋅(𝑏/4)+𝑊ᑨᑚᑟᑘ ⋅(𝑏/4) (8.3)

Figure 8.1: Wing loads in hover.

Thesecondloadcase,encounteredincruise, isdepictedinFigure8.2. Herethethrustfromtherotorisre-
placedbytheliftgeneratedbythewing. Theliftdistributionoverthespanhasbeensimplifiedtoalinearlift
distributionupto75%ofthespanwhileatriangular liftdistributionwasassumeduptothetip [107]. Under
gust loads, according toCS-23 regulation, the load factor in cruise reaches3.8, asshown insection5.2.

Figure 8.2: Wing loads in cruise.
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are carried

𝑀ᑣᑠᑠᑥ=𝑞ᑃ ⋅0.75⋅
𝑏
2 ⋅(0.75⋅
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(8.4)

Layout

Themain structure of the wing consists of two boxes that carry all the main loads. The two box config-
urationwas chosen as the radiators are placed in themiddle of thewing and the skin in this point has to
open toallowair-flow through thewing. Stringersareplacedalong thespan toprovideadditional 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 thewing.

Figure 8.3: Wing structural cross-section.

The hat stringers were chosen to be themost efficient possible in terms of the addedmoment 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 themanufacturing 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
alloywas selected that was still able to sustain all the loads and remainwithin the bounds of theMTOW
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 threemain 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
𝑞ᑃ and the distribution is rectangular up to 0.75𝑏/2 and triangular until 𝑏/2 then the acting arm can be
calculatedwith aweighted averageof the rectangular and triangular distributions to beat 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 beas closeaspossible or higher than thebending stress to avoid
buckling and to avoid over-designing the structure for buckling

• Themass should beminimised in the final available design space

Another boundarywas set for the spar thickness. This is done because froma 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 hingemechanism of the nacelle. Thus the
spar thicknesswas limited to theskin thickness to reduce further themanufacturingcostsasaluminium
panels of the same thickness can be used formost of thewing structure.

The optimisation solution space is represented in Figure 8.4 and clearly shows how the bending stress
at the root increaseswithdecreasing thicknessand increasingstringerpitchdue to the lowermomentof
inertia. Theopposite is truefor thebucklingstressof theskinpanelasthickerskin,andmorestringers im-
provethebearableloadbeforebuckling. Finally, theoptimumweightof thewing-boxstructureisfoundat
around161.38 kgwith the structurebearing213MPaof vonMises stressesdue to internalmoment and
shear at the root. Furthermore,with a skin and spar thickness of 2.7mmanda stringer pitch of 16.78cm
bending stress of 242MPa and buckling strength of 243MPa are reached. From these values, we un-
derstand that thecritical failuremodeof thewing isbucklingnear the rootasbothvonMisesandbending
stressesare lower thantheyieldstress. Ontopof this, theweightof theribshasbeenestimatedbytaking
the cross-sectional area of the wing and a span-wise pitch of 0.5meters from similar aircraft represen-
tation to be 41.7 kg for a total of 10 ribs per half wing [108]. Finally, theweight of the opening skin with a
thickness of 1.5mmwas calculated to be 38.97 kg yielding a total wing structural weight of 241.85 kg.

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 II 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%higher than theaverageof comparablewingsof traditional aircraft. Themain 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 thewing 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 themass of thewing box, yetmaintain structural integrity.

Figure 8.6: Stiffener Cross-section inmm.

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 thewing cross section is computed assuming that all the loads are carried by a rectan-
gular shaped torsional box, having a height and width of 0.057m and 0.389m 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,namelyat73%of thecordchapter8. Theshearcentreof thesection is thereforeapproximated
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, anarmof 0.1945m is obtained. Havingdefineda lift of 4485Nbasedonamaximum load factor
of 3.8 as established in section 5.2, a torque of 585Nm 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

Differentmaterialswereconsidered for thestructureof theempennagebasedonpreviousaircraft. 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
wasselectedas thematerial. Aluminium2024boastsgoodend-of-life solutionsaswell asgood fatigue
properties, making it ideal to satisfy the availability requirement by reducing the chance for unplanned
maintenance. Thematerial properties can be seen in 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’sModulus [GPa] 73.1 Yield Strength [MPa] 360
ShearModulus [GPa] 28.5 Density [kgmᎽ3] 2780
Poisson’s Ratio [-] 0.33 Price [$\kg] 2.16

DesignPoint

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.



8.3. EmpennageStructure 87

Figure 8.7: Structural properties of the horizontal stabiliser for varying skin thickness and stiffener pitch.

Thefinaldesignpointwaschosenasaskin thicknessof1.5mm, astiffenerpitchof130mmandaribpitch
of 330mm. The rib pitch was found by assuming an aspect ratio of 3 for the skin panels given the sup-
portednatureof thepanel [41]. Thisgivesacross-sectional areaof thewingboxof 0.0025mm resulting
in a mass for the wing box of 34 kg with a 1.5 safety factor. Accounting for the skin, ribs and actuator
hinges in the restof thewingsection the totalmass is75kg. Thecross-sectioncanbeseen inFigure8.8.

Figure 8.8: Cross-section of horizontal stabiliser.

8.3.3 Vertical Stabiliser

Theplatformdesignof theverticalempennage isdescribed insubsection7.4.1. With this, the loadsact-
ing on the surface can be approximated, and the structural analysis carried out. Thematerial analysis
for the vertical stabiliser is the same as the horizontal stabiliser.

Loads

The torsional loadand lift actingon thevertical stabiliser aredeterminedwith thesameapproachasde-
scribed in section8.3.2. However, the torsional loadson thevertical finare indeedcalculatedassuming
a rectangular wing box extending from25% 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 515Nm and a lift of 1763N can be determined.
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DesignPoint

Thedesign point of the vertical stabiliserwas chosen to reduce themass of the cross-section yetmain-
tainsufficientstructural integrity. However, because thestressgeneratedat limit loadscausedstresses
in theskin that didnot constrain, thedesignpointwaschosenbasedonvalidationwithotheraircraft em-
pennage. InFigure8.9,wesee thedifferentdesigncriteria for varyingskin thicknessandstiffenerpitch.

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 1.5mm, a stiffener pitch of 131mm and a rib pitch
of 344mm resulting in 3 ribs. This gives a cross-sectional area of 0.0031m2 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
thewing section the total mass is 43 kg. The cross-section can be seen in Figure 8.10.

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 theaverage twin-propeller enginewithout aT-tail. Also, thepresenceof aT-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 bymean of comparison with reference aircraft data
as reported in [30]. It is 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
fin area ratio, resulting in values of 0.27 and 0.41 respectively against values of 0.32 and 0.415 derived
from [30].

Conclusion

Thewingwill have a doublewing box structure to allow the integrationwith other systems. It has
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 integrationof all thesystemsdesigned in thepreviouschapter is 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 theMTOW 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.

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
placedwithin the aircraft.

90
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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.

Figure 9.3: Nacelle assembly exploded view.

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. Themain 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 thepower required throughout the flight. The largestweight changedue to this is in thepower
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 aMTOW
of 4000 kg and changes from there summing up component weights of the different subsystems. The
convergence in themass can be seen over 11 iterations to a final value of 3925 kg.

Figure 9.4: Systemmass 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 themas arrows. It is possible to see
in the figure that thecommunication flowdiagram includes twomainelements, theairport 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,
whichelaborates thedatacoming toand fromthem. Forexample,whenthepilotmoves the flightcontrol
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 themechanical 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 designedmission.
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Figure 9.5: Communication flow diagram.

9.4 Hardware and Data Diagram

The aircraft has amultitude of data to handle in order to complete amission 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 plantEnvironment,Communications, andCabinBusbar. Statemeasurement contains
thehardwareused tomeasure thecurrentenvironmentalanddynamicstate theaircraft isexperiencing,
including orientation, location, and atmospheric conditions. It also includes the display of this data to
thepilot. AircraftDynamicControl containsall theactuatedparts of theaircraft byeither thepilot control
input or control system automatic output. Included in this section are the pilot inputs on both the stick
and thecollective lever, thestateandhydraulic actuationof different control surfacesandmechanisms,
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 andmanaging 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 andADS-B data receiver and transmitter. The cabin busbar is connected by a solenoid to
ensure the system can be restarted andmanages 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, somemayor setbacks that may
be encounteredwhen further developing the projectmay bring the design to an unacceptable position,
where the top level requirements are notmet anymore. For example, if themass 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 theMTOWatwhich theaircraft converged is so close to the4000 kg, changes in themasscaneasily
drive the aircraft over the requirement. Therefore, the assumptions for weight saving due to newmate-
rials andmanufacturing techniqueswill be studiedand tested for robustness. Thiswill be performedon
two subsystems: the fuselagemass and the propellermass.

9.5.1 Fuselage Mass

At this stage of the design, the mass of the fuselage had to be estimated based on reference aircraft.
Due to thesimilardimensions, itwasassessed that itsweight shouldalso resemble thatof the reference
aircraft. Furthermore, an initial estimate of 15% weight reduction was applied, derived from the use
of newmaterials such as composites and newmanufacturing techniques like additive manufacturing,
was deemed reasonable. At the 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-
platedwere theweight save reduction is decreased from15% to0%. TheMTOWassociatedwith 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
factor is less than2%. With the inclusionof thenew technologyandnothaving topressurise thecabin, a
worst-case scenario of only 10%weight reduction compared to reference aircraft is contemplated, en-
suringan increase in theweightof the fuselagewillnotdrive thedesignbeyondthe top level requirement
ofmaximumMTOW.

Figure 9.7: MTOW for different fuselage weight saving factors.
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9.5.2 Blade Mass

Thesecondelementworth considering is the rotor. Contrary to the fuselage, the rotors are sizedbased
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 employedmay not fully apply, and a
heavier structure may be necessary. Oncemore, the empirical formulas used were developed before
the commercial introductionof composites into the rotorcraft design. To these formulasaweight 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
parametricestimate to theactual bladeused in thedesign. Thechange inMTOWdue toachange in the
weight of the blades is so small, that the bladeswould need to be15%heavier than theestimated 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.

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
componentsanalysedwere the fuselageand theblade. Forall of thedesign, theweightsof thedifferent
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
sizingwas performed. These two elementswere deemed asmost critical and its change inweight was
studied. It was found that even if significant component weight change occurs, the design still meets
the 4000 kgMTOW requirement.



9.6.MassBudget 97

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

FixedEquipment

Radar Antenna 3.6
Air Conditioning 69.5
Avionics 72.0
Flight Control 80.6
Furnishing 225.0
Hydraulics 175.0

Propeller Rotors 110.6
Hub andShaft 205.9

Nacelle

Electricmotor 128.0
Motor controller 49.0
Gearbox 266.0
Tilt Mechanism 40.0

Wing 241.9
Main LandingGear 122.6
Nose LandingGear 50.5

Power Plant

Battery Pack 228
Tank InnerWall 7.5
TankOuterWall 13.8
TankMLI Shield 2.6
TankMLI Spacer 1.7
Fuel Cell 168.0
Radiators 201.0
DC/DC converter 9.6
DC/DCBus 32.0
Compressor 6.3

Vertical Tail 43.0
Horizontal Tail 75.0
Pilot 100.0
Fuel 18.7
MTOW-Payload 3025.4

The estimation of each component’s mass is derived and explained in their respective chapters. The
MTOWof Futura excluding the payload shall not exceed 3100 kg as Futura-TECH-VCM-5 andFutura-
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
systemswhicharemost sensible to futureengineeringanalysisanddesignchoices [5]. This is thecase
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, theMTOWexcluding the payload
can increase up to a value of 3155.2 kg. In this case Futura-TECH-VCM-5 will not be achieved. The
riskof not achievingsuch requirement in the future, however, canbemitigated: a compromisebetween
materials like aluminium that aremore attractive from a sustainable point of view and composites, cur-
rently usedmarginally in the aircraft, with excellent specific propertieswill allow the team to respect the
requirements in the next phases of the design too.



98 9. Interface Integration

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

Asitcanbeseenbyaddingthepowertodrivethehydraulicsandtheelectricalsystemsintheaircraft tothe
maximumpower that has to beachievedduring flight a total power required on1115.92 kW is found. All
the componentsof thepower canbe retrieved in chapter 6; the compressor and radiatorspower ratings
werefoundrespectively fromthecomponentscharacteristics [53,88]. Thisvalue is lower than1394kW,
beingthetotalpowerwhichthepowerplantcanprovide ina fully reliablemannerasoutlined inchapter6.
It is important to state that if themassof theaircraftwould increase in futuredesigns, thepower 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 compliancematrix presentedbelow inTable9.3 containsall theFuturamain require-
mentsanalyzedduringtheentiredesignphasesandalreadypresentedinsection3.1. Itwasdecidednot
toputall the requirements thatweestablishduring the firstphaseof thedesignsince themajorityof them
donot apply to the final design. In fact, they are basedondifferent and configurations (wing-embedded
andcompoundcoaxial helicopter) anddifferent typesof subsystem, for example regardingpowerplant
(turbines). Instead, all the customer requirements and the primary requirements based on these are
listed. It indicateswhether or not the requirements aremet. 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 thegreencell suggests that theaircraft complieswith the requirement,while the crossmark (𝑋)
with the redcellmeans that it doesnotcomplywith the requirements. Finally, in the fourthcolumn,all the
relevant sections, where the requirement is treated, are presented. As it is possible to see in the table
all the requirements aremet, the only requirement that is notmet is Futura-CONS-RES-1, the reasons
behind thismissed 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 The range shall be at least 200 km. V section 4.2
Futura-TECH-VCM-2 Themaximumspeed shall be 400 kmhᎽ1. V section 4.2
Futura-TECH-VCM-3 The cruise speed shall be at least 350 kmhᎽ1. V section 4.2

Futura-TECH-VCM-4 Futura shall achieve vertical take-off and landing
(VTOL) capabilities. V section 4.5

Futura-TECH-VCM-5 The payload shall be at least 900 kg. V section 9.6

Futura-TECH-VCM-6 Themaximum take-off weight (MTOW)
shall not exceed 4000 kg. V section 9.6

Futura-TECH-VCM-7 The service ceiling shall be of at least 1500m. V section 4.2
Futura-TECH-VCM-8 Futura shall have, atmaximum, a 1 h turnaround time. V section 4.6

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

V subsection 13.1.2

Futura-TECH-VCS-3 Futura shall use hydrogen as source of energy. V chapter 6

Futura-CONS-RES-1 The design andmanufacturing cost of the first
prototype shall not exceed 2million€. X subsection 12.1.3

Futura-CONS-RES-3 The cost of refuelling a full tank shall not exceed 345€. V section 4.4/subsection 4.3.4
Futura-CONS-SUS-5 Futura shall not produce any emissions other thanwater. V chapter 6

Futura-CONS-SUS-12
All parts shall be assigned a sustainable end-of-life
(EOL) solution among reuse, re-manufacturing,
recycling or downcycling.

V section 11.4

Conclusion

Thedesign iterations led the team to obtain the conceptual design of an aircraft with a totalmass
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
diagramand hardware and data diagramhave shown that a fly-by-wire systemwould be able to
connect and communicate with all the aircraft systems. Eventually, the compliance matrix has
highlighted that all requirements havebeenmet except for theprototype costwhich exceeds the
required one by the customer.



10. Manufacturing Plan

In chapter 9 it is 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 amanufacturing organisation are evaluated too. In section 10.2 thematerial de-
composition of the aircraft is presented and section 10.3 the relatedmanufacturing 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
systemsareproducedandmanufactured in-housewhileothersaregoing tobepurchasedand installed
only in the 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 bemanufactured ad hoc for Futura. In these processes, half -
products are going to be transformed into essential structural components using one or multiple of the
manufacturingtechniquespresentedinsection10.3. Whilemostof theproductionofhalf-productssuch
bulkaluminumpartsorsheets for theskinarenotgoing tooccur inworkshopsclose to theassembly 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. Themanufac-
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 interiormaterialswill have to follow customisedmanufacturing 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.
Suchaprocesswill requiremanydifferentmanufacturing techniques and specialised training forwork-
ers.

For what concerns the components which are purchased, it is essential to specify that raw materials
andhalf products are going to be bought by other firms. This includes aluminium, steel alloys, titanium,
composites resinand fibre, andmanyothersasoutlined in section10.2. Then,manyof the joiningparts
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
of thepowerplant systemmustbepurchased fromexternal parties: batteries, electricmotors, gearbox,
DC-DCconverters,motor controllers, and radiators. It is essential to highlight that thebatteries thatFu-
tura will mount are not developed yet. Eventually, most of the instrumentation, avionics, and electrical
systemswill also be purchased by external parties.
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Thismanufacturing plan includes certain risks. If following the leanmanufacturing process will ensure
an efficient production process, the starting cost to obtain such an integratedmanufacturing 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
systemssuchas the lifting body fuselageor the power plant could potentially increase thedelivery time
and slowdown the production ratewith 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 themanufacturing techniques needed to produce themost important parts of the air-
craft, it is necessary to present its materials, since themanufacturing 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 differentmaterials 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.
Figure10.1presents theproportionofeachmaterial used in theaircraft in termsofmass. SoftwareCES
didnot onlyallow toobtain the requiredmassofmaterials before themanufacturingprocess, but also 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
theoriginalmaterial is scrappedonaveragebysecondaryprocesses. Hencea33%scrapmaterial has
beenusedtocomeupwithatotalmaterialmassof3473kg. Thisvalueislikelytobeunderestimatedsince
somecomponentshavenotyetbeenconsideredasthismaterialbreak-downisstillataconceptual level.

Figure 10.1: Futura’s material break-down.

Figure10.1shows thatAluminium2024T6 is themostusedmaterial inFutura. Theadvantages that the
useof thismaterialbrings, comeat theexpenseofusingcoatings toavoidcorrosionasexplained insec-
tion 8.2 and section 8.3. Additionally, in order to apply such coatings, particular mechanical polishing
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have tobeperformed inorder toensure thecoatingeffectiveness [111]. It canalsobeseen thatcompos-
iteshaveacrucial role in theaircraft bladesand fuselage floor even though their percentageon the total
is low. Another material which stands out in the break-down is leather: for the cabin interiors, recycled
leatherwill beused. It is important to notice that theuseofEcopaxx (PA410) for the interiorsmeans 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
inFigure10.1. Additionally, the relativelyextensiveuseofAluminosilicate1720 for the fuselagewindow
could greatly reduce themass in the next design iterations. Eventually, the contribution of titanium can
be seen in the aircraft jointswhosepercentageof the totalmass of the aircraft is 2-4%, according to Jos
Sinke (personal communication, June 17, 2019), but also from the propeller hubwhose 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 topofTitanium: CarbonSteelAISI 1080annealedandaluminum2024T3have
alsobeen taken intoconsideration in theanalysis. It is important tospecify that thematerial break-down
currently, doesnot includeall thematerials thatarecontained inpurchasedproducts,but itonly includes
thematerial of the components that aremanufactured in the factory’s workshops. However, thismate-
rial break-downsummaryprovides thebase tooutline theenvironmental impact that themanufacturing
processwill 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
fuselagepanelswhicharegoing tobeplacedon topof the fuselage ribsand longerons. Finemachining
and cutting and trimming will be complementary to the manufacturing process of aluminum. Additive
manufacturingtechniquessuchasmetalpowder formingwillbeusedfor thealuminumsandwichpanels
placedinthefuselage. Also, thesametechniquesappliedtopolymermoldingwillbeappliedtoEcopaxx,
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
usedforthecoreisgoingtobemoldedintheautoclave. Thenmanufacturingthehydrogentankisgoingto
beperformedwith simple roll forming forwhat concerns theouterand innerwall. Eventually forgingand
casting are going to be necessary respectively tomanufacture 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 intomounting andmanufacturing divisions.

Mountingdivisions includeall theparts necessary for theuseof theaircraftwhich canbe removedsuch
as propeller blades, doors, flaperons. Manufacturing divisions include all the structural components
and systemswhich are an integral part of Futura and cannot be substituted. TheFigure 10.2 shows the
order in whichmajor 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
placed in the jig tomount theempennageand themainwingbox. Otheractivitiesareperformed inparal-
lel; Figure10.2 shows that thepropulsionunits areassembledwhile theempennageand themainwing
boxare installed in thefuselage. TheassemblyofFutura isbasedonthecombinationof rigidandflexible
parts. Forexample, the flexibledoublecurvedpartsdominating the liftingbodyfuselagewillbemounted
to theairframefuselagestructure. Complex jigswill beused in theassemblyofFuturadue to the innova-
tive liftingbody fuselage. Thismeans that the cost of the jigswill behigher, but in termsofmaintenance,
less calibration will be needed. Using a series of simpler jigs would increase the maintenance cost of
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such tools [112]. TheassemblyofFuturaallows todeliveroneaircraftevery28days. Suchdelivery time
wasestablished basedon the return on investment needed tomake the profitable programchapter 12.
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Figure 10.2: Assembly plan.

Conclusion

Futura’sproductionplan is fundamental toensurethesustainabilityof theaircraftalsofromaprof-
itability point of view. For this reason, the productionmanufacturing plan has beenenvisioned to
be a centralised factory in which workshops are extremely close to the assembly line following
the leanmanufacturing philosophy. Thematerial break-down of themanufactured components
showedadominance of the certainmetal alloys: aluminum2024andTitaniumTI-6Al. Compos-
itesdonotplayamajor role inFutura,except in the rotorsandon the fuselage floor. Themanufac-
turing plan has been thought to have a delivery time that would lead to the return of investment.
Eventually, it is important tomention that, because the design is particularly innovative newpro-
duction jigs and severalmanufacturing techniques are going to be needed: thiswill increase the
initial training cost for theworkers 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
andsocietal impactsat all stagesofFutura’s life areevaluated. Environmental impactsareassessed in
termsofequivalentCOᎴ emissions, representingall greenhousegasemissions intoonevariable (here-
inafter referred to asCOᎴ emissions). Societal impact is assessed in terms of energy consumption, as
finite amounts of produced energy are shared among all individuals.

Theseimpactsareevaluatedfor theproductionof theaircraft insection11.1,both lookingat rawmaterial
extractionandmanufacturing. Theimpactsof fuel refuellinganddeliveryare investigatedinsection11.2
for a single tank refill and battery recharge. Noise emissions are discussed in section 11.3, and espe-
cially further steps tobe taken toensurecompliancewith regulations. For eachmaterial, anEnd-of-Life
solution is assigned in section 11.4. The potential savings in COᎴ emissions and energy frommaterial
recyclingarecalculated tounderscore thehighrecyclabilityofFutura. Lastly, thesustainabilityofFutura
is evaluated over its entire lifetime by way of a Life Cycle Assessment in section 11.5. To highlight the
high sustainability of Futura, it is compared to itsmain competitor, theH145.

11.1 Production

Production, encompassingmaterial extraction andmanufacturing, generates large amounts of green-
housegasesandconsumeasubstantial amountof energy. This sectiondiscusses theefforts to reduce
this environmental and societal impact and explains themethod to quantify them.
Rawmaterial extraction is reduced by using recycled materials for various components. This is espe-
cially the case formetals, forwhich an industry-wide ”typical” recycled content is used. A specific value
foreachmetal isobtained fromthematerial selectionsoftwareCESEdupack [9]. Other rawmaterial us-
age reductionscome fromusing recycled leather for seats, as recent innovationshaveshownhigh-end
applications of such material.1 Lastly, a bio-based polymer is used for cabin interiors to reduce fossil
fuel consumption for polymer synthesis.2
For manufacturing, a philosophy focused on minimising waste is adopted as laid-out in section 10.1.
By havingmanufacturingworkshops close to the assembly line, transportation is reduced. It should be
noted, however, that thereexists little freedom inchoosingamanufacturingprocess foragivenmaterial
and design. Sustainability is therefore ensured in the manufacturing organisation rather than in the
processes themselves.
The COᎴ emissions and energy consumption associated with production are directly estimated with
thematerial-selectionsoftwareCESEdupack, used for thematerial breakdown [9]. Thesecalculations
take into account, on the one hand, the environmental impact savings from using recycled materials.
On theotherhand,materialwasteduringmanufacturing (e.g. trimmingandcutting) 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
1URL www.recycleather.com [cited 20 June 2019]
2URL /www.dsm.com/markets/engineering-plastics/en/products/ecopaxx/markets/automotive.htm
l [cited 20 June 2019]
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of this additional material mass is calculated in CES Edupack. The total COᎴ 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. Electrolysiswas selected forGaseousHydrogen (GHᎴ) produc-
tion, which energy consumption per kilogram of hydrogen produced equals �̄�HᎴ =124MJkg according
toa study conductedbyShell [10]. Then,GHᎴ is converted to LHᎴ througha liquefactionprocesswhich
requires �̄�HᎴ=39.6MJkg [21]. Fromthemissionfuelmassof𝑚fuel=14.3kg, therequiredamountamount
of energy to refuel one tank amounts to𝐸HᎴ=2.34⋅10ᎵMJ.

11.2.1 Production

The COᎴ emissions of LHᎴ production vary heavily depending on the electricity source. If using the
averageEuropean electricitymix, electrolysis leads tomoreCOᎴ emissions than fossil-fuel based gas
reforming [10]. It was therefore decided to use renewable electricity which produces no direct emis-
sions. As theEuropeanelectricitymarkethasbeen liberalised, thiseasilyallows thehydrogenproducer
to source its electricity from renewableenergiesprovided theoperator paysahigher fee3. It is 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 samemission, according to section 4.4.

The indirect impacts of renewable electricity (R.E.) are assessedusing Linde’s Leuna (Germany) plant
asproductionsiteexample. Thesecorrespond to the impactsof the rareearthmetal extraction for solar
panels and wind turbine manufacturing for instance. According to Germany’s current electricity mix4
and the specific COᎴ emissions of each renewable energy evaluated by the Intergovernmental Panel
on Climate Change, an average COᎴ footprint of �̄�COᎴ,R.E.=17.6gMJᎽ1 is found [114]. This translates
to emissions of𝑚COᎴ,R.E.=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
andLHᎴ pipelinesarenotbuilt. Truck transportation fromtheproductionplant to theairport isminimised
byusing large capacity trucks andairport storageof4t [21, 70]. Anestimated11 roundtrips are needed
each year, according to the fuel weight and an average of 8 flights per day (𝑡1flight = 119min including
turnaround, operating from 6:00 until 22:00). For the example distance from Linde Leuna’s plant to
Schiphol Airport, 1.37 ⋅ 10Ꮆkm are travelled each year. According to CES Software’s Eco-audit tool,
truck transportation requires a distance and payload-specific energy of �̄�km,pay=1.50MJkmᎽ1tᎽ1, and
generate energy-specific COᎴ emissions of �̄�COᎴtruck = 72.0gMJᎽ1 [9]. This translates to an average
energy consumption of 𝐸truck = 28.2MJ and COᎴ emissions of𝑚COᎴ,truck = 2.03kg per tank refill. It will
be assessedwith fuelling stationmanufacturer whether active cooling of the airport storage tank (from
renewable electricity) is needed or if passive insulation ismore cost efficient.

3URL 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]

https://ec.europa.eu/energy/en/content/electricity-market-liberalisation
www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts
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The total COᎴ emissions and energy consumption per tank refill and battery recharging amount to
𝑚COᎴ =49.8kg and 𝐸 =2.40⋅10ᎵMJ 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 ICAORegulations Annex 16Chapter 1 [25]. Themost strict noise limits applicable to Futura
correspond to 96EPNdB at take-off and 97EPNdB at landing. EPNdB refer to the Effective Perceived
Noise (EPN) in decibels [25].

Noise emissions are, however, extremely complex to predict, and no numerical simulation has been
usedat this point to estimate them. Later in the design,wind tunnel tests are to beperformedona scale
model toobtaina first estimate. Apossible redesignof thebladesorachange in their rotational speed is
envisioned to reducednoise if needed. It is foreseen, however, thatnoiseemissionswill remainaccept-
able as the XV-15, a tilt-rotor aircraft of similar size, has demonstrated satisfactory noise levels [24].

11.4 End-of-Life Processes

Thissectiondiscusses theEnd-of-Life (EOL)of theaircraft. While it is currently theoperator’s responsi-
bility to dispose or recycle the aircraft, regulationsmay soon put the responsibility on themanufacturer
[12]. This iswhy, since the early design of Futura, ensuring sustainable EOLsolutions has hada signif-
icant influence onmaterial selection. EOL solutions are proposed below to ensure environmental and
societal impacts areminimised.

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.5678 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 thematerial as shown in Table 11.1.

11.4.2 Process Identification

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 COᎴ emissions and energy savings. If
somematerial is recycled for themanufacturing 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 a first sorting are also assigned anEOL solution.

• 1 -MetalAlloys: Recycling for this typeofmaterial is commonpractice in the industryandenergy
efficient. ”A pre-treatment and cleaning are applied to the old part. The scrap undergoesmelting

5URL http://moreaero.de [cited 20 June 2019]
6URL http://www.tarmacaerosave.aero/aircraft-recycling [cited 20 June 2019]
7URL 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]

http://moreaero.de
http://www.tarmacaerosave.aero/aircraft-recycling
http://jetaircraftservices.com/wordpress/en/products
https://www.aels.nl/aels-for-you/what-can-aels-do-for-airlines
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Table 11.1: EOL process # and associated potential COᎴ emissions and energy savings for Futura’s materials.

# Material SavedCOᎴ
emissions [kg]

SavedEnergy
Consumption [MJ]

1 Aluminiumalloys 2.65⋅10Ꮅ 4.08⋅10Ꮆ

1 Steel alloys 187 2.61⋅10Ꮅ

1 Titaniumalloys 8.71⋅10Ꮅ 1.56⋅10Ꮇ

1 Magnesiumalloy 848 5.64⋅10Ꮅ

2 PA410 (bio-based) 150 5.81⋅10Ꮅ

2 Polyethylene foam 26.1 525

3 Aluminum-polyethylene 129 2.28⋅10Ꮅ
4 Synthetic rubber 2.71⋅10ᎽᎳ 3.90
5 PolyimideCFRP lay-up 1.65⋅10ᎽᎳ 2.35
6 EpoxyGFRP lay-up 1.45 20.7
7 E-Glass fibres 1.02⋅10ᎽᎴ 1.60⋅10ᎽᎳ
8 Alumino silicate (glass) 41.5 367
9 Leather 0 0
10 Cables 29.0 510

and refining. Then the cycle is finished by alloying and casting themetal. 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 andmature 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-PolymerSandwich: The sandwich componentwill be separated permaterial by heat-
ing. This is possibleas themelting temperatureof polyethene (thermoplastic) is lower than that of
aluminium [9]. Themetal 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
shownuseful applications in concrete andpavement reinforcement [120, 121]. Theenvironmen-
tal savings from this process are low due to the lower-value application, yet provide an effective
way to avoidwaste 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 agewhile the resin can be remelted for themaking newparts [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. If it 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. It can, however, be shredded andmixedwith other types of glass to be recycled.9

• 9 - Leather: Leather from the seats can be recycled into other leather products. Typically, these
are smaller than the original itemdue to shape restrictions.10,11

• 10 - Cables: Copper cables can be recycled after material separation. Innovative processes al-
lowformorethan99%ofmetal recoverywhile thePVCcoating isremelted,ensuringtheeconomic
viability of the process. This process is applicable irrespective of cable size.12

9URL www.designlife-cycle.com/corning-gorilla-glass [cited 20 June 2019]
10URL www.looptworks.com/collections/in-flight-collection [cited 20 June 2019]
11URL www.recycleather.com [cited 20 June 2019]
12URL www.mtb-recycling.fr/en/cables-recycling.html [cited 20 June 2019]

www.designlife-cycle.com/corning-gorilla-glass
www.looptworks.com/collections/in-flight-collection
www.recycleather.com
www.mtb-recycling.fr/en/cables-recycling.html
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• 11 - Fuel Cells: ”A combination of recycling and downcycling is possible. A hydro-metallurgy
process can separate themembrane and catalyst layers [124]. The catalyst, typically containing
PlatinumGroup Metals, can be recycled with a rate up 95% [125]. Flow plates and membranes
(containingthethermosetNafion)canbeusedforotherapplicationssuchasdesalinationorheavy
metal removal [126]. Currently, such processes are not mature and available commercially only
on a small scale at a high price [127]. It is expected, however, that the maturity will grow rapidly
as fuel cells in the automotive industry spread further.” [116, 128]

• 12 -Lithium-ionBatteries: ”A recycling process is recommended for this device. ”It will be done
bywayofahydro-metallurgicalprocess,amediumscaleandalreadyavailableclosetozerowaste
solution provided byUmicore [129]. Someof the energy needed for such a process is directly ex-
tracted from thebattery components, decreasing theenergydemand. While thisprocesscreates
almost zero waste, it comes with a high cost. It is expected that by the time Futura retires, this
maturity and economic viability of the processwill have increased.” [116, 129]

• 13 - Electric Motors: Electric motors retain a high value due to their precious materials. Small
motorsare shreddedwhile specialisedcompanies separatebigger ones. This processapplies to
anymotor size.13

It can be seen from thematerial breakdown in Figure 10.1, that only about 15%of themass is assigned
toa thermoset-basedmaterial (from the totalmasswithassignedmaterial). This lowvaluecompared to
currentmodernaircraft (about50%)wasachievedbypreferringmetalsover thermoset-basedcompos-
ites where the design space allowed [113]. Even so, these less sustainable materials were assigned
downcycling solutions to low-value applications to reducewaste.

11.5 Life Cycle Assessment

Asmajor design decisions have been taken to make Futura as sustainable as possible, this section is
about quantifying their impact. A Life Cycle Assessment, during which the COᎴ emissions and energy
consumptionofall stagesofFutura’s life frommaterial extractionuntil theEnd-of-Lifeareevaluatedand
seen in 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 COᎴ 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 AirbusHelicopter H145 is carried out.

11.5.1 H145 Environmental and Societal Impacts

Production andEnd-of-Life

To estimate the production and End-of-Life COᎴ emissions and energy consumption of the H145, the
aforementioned typical aircraftmaterial use fractionsareused. As these fractionshavenot 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-
count usingCESEdupack.

13URL http://interbaro.nl/en/products-metals/electric-motors-recycling/ [cited 20 June 2019]

http://interbaro.nl/en/products-metals/electric-motors-recycling/
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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 �̇�fuel = 283kghᎽ1 and releases �̇�NOx = 1.99kghᎽ1, translating to equivalent COᎴ emissions
of �̇�COᎴ = 1.49 ⋅ 10ᎵkghᎽ1.14 The distance and payload-specific energy for helicopters is estimated
by CES’ Eco audit tool at �̄�km,pay = 55.0MJkmᎽ1kgᎽ1. 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.

TheproductionofkerosenealsogeneratesCOᎴ emissionsandconsumesenergy. Production includes
extraction, refineryandlong-distancetransportationastheseprocessestypically takeplaceoutsideEu-
rope. These have been estimated to represent 3.97% of fuel combustion’s impact [132]. This fraction
is added to the operational impacts of theH145.

11.5.2 Comparison

Acomparisonof the life-cycleCOᎴ emissionsandenergyconsumptionofFuturawith its competitor, the
H145, is shown in Table 11.2. It is observed that Production has higher impacts for Futura, mostly be-
causeFutura’s( OEW

MTOW
) ratio is54%highermeaningmorestructurehas tobecarried [131]. TheEOL,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 COᎴ 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.

CO2
Emissions [ton]

Energy
Consumption [MJ]

Stage Aircraft Futura H145 Futura H145

Production
Material
extraction

39.4 20.3 6.06⋅10Ꮇ 2.93⋅10Ꮇ

Manufacturing 4.24 1.88 5.55⋅10Ꮆ 2.5⋅10Ꮆ

Operations
Fuel production,
transportation 4.36⋅10Ꮅ 5.05⋅10Ꮅ 2.10⋅10Ꮊ 5.16⋅10Ꮉ

Combustion 0 1.27⋅10Ꮇ 0 1.3⋅10Ꮋ

End-of-Life
Process 9.72⋅10ᎽᎳ 8.96⋅10ᎽᎴ 6.81⋅10Ꮃ 1.28⋅10Ꮅ

Potential −124 −9.87 −7.14⋅10Ꮅ −1.54⋅10Ꮇ

Total 4.28⋅10Ꮅ 1.32⋅10Ꮇ 2.11⋅10Ꮊ 1.35⋅10Ꮋ

Difference −96.8% −84.4%

Conclusion

The sustainability of Futura has been evaluated in terms of equivalent COᎴ 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.
COᎴ emissions of Futura are 97% lower than a comparable aircraft over its entire lifetime. This
significant reduction highlights the exceptionally high sustainability of Futura.

14URL www.climatechangeconnection.org/emissions/co2-equivalents/ [cited 15 June 2019]

www.climatechangeconnection.org/emissions/co2-equivalents/


12. Return On Investment

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
profit and investment costs. Therefore, highROI is necessary for the sustainability of the project. First,
the total costs related to theprojectwill beestimated in section12.1. After that, Futura’s competitorswill
be analyzed in section 12.2. Finally, with this information, theROIwill 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 Futurawill be analysed in subsection 12.1.5.

Figure 12.1: Cost break-down of Futura.

12.1.1 Development

To approximate the total development cost of Futura, a project valuation tool fromMITwas used. First,
themass of the different subsystems of Futura needed to be determined, whichwas 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 theMIT report are given in $lbᎽ1 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 theUS
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of 2%and a conversion rate of 0.453592 kglbᎽ1, the subsystemdevelopment costs in SI units could be
found.1,2

The development cost of the complete Futura system is then the sum of the development costs of its
subsystems, which was found to be 182.32M€ 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 Unit mass
[$ (FY2002)/lb]

Cost per Unit mass
[€ (FY2019)/kg]

Mass
[kg]

Cost
[M€ (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
LandingGear 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 formulawas used: [134]

𝐶ᑔᑠᑞᑡᑠᑟᑖᑟᑥ=0.008325⋅𝑊Ꮂ.ᎺᎹᎵ
ᑒᑞᑡᑣ ⋅𝑉Ꮃ.ᎺᎻᎲᑞᑒᑩ ⋅𝑁Ꮂ.ᎵᎶᎸᑣᑕᑥᑖ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ (12.1)

=0.008325⋅[10Ꮂ.ᎳᎻᎵᎸᎼᎲ.ᎺᎸᎶᎷ⋅ᑝᑠᑘ(ᑎᑋᑆ)]Ꮂ.ᎺᎹᎵ ⋅𝑉Ꮃ.ᎺᎻᎲᑞᑒᑩ ⋅𝑁Ꮂ.ᎵᎶᎸᑣᑕᑥᑖ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ (12.2)

=0.008325⋅[10Ꮂ.ᎳᎻᎵᎸᎼᎲ.ᎺᎸᎶᎷ⋅ᑝᑠᑘ(ᎺᎺᎳᎻ)]Ꮂ.ᎺᎹᎵ ⋅𝑉Ꮃ.ᎺᎻᎲᑞᑒᑩ ⋅𝑁Ꮂ.ᎵᎶᎸᑣᑕᑥᑖ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ (12.3)

In this equation,𝑊ᑒᑞᑡᑣ represents the aeronautical manufacturers planning report weight in pounds
whichcanbeestimatedwith the take-offweightof theFutura,𝑉ᑞᑒᑩ themaximumdesignspeed inknots,
𝑁ᑣᑕᑥᑖ thenumberofaircraftbuiltduringtheRDTE(Research,Development,Testing,Evaluation)phase,
CEF the Cost Escalation Factor, and 𝐹ᑕᑚᑗᑗ the relative program difficulty. 𝑁ᑣᑕᑥᑖ was assumed to be 6
basedon thenumberofV-22prototypeaircraft built [135], andCEFand𝐹ᑕᑚᑗᑗwereconsidered tobe1.1
and 2 respectively based onRoskam [134].

This results in a total component testing cost of 1.69M€. Considering that component testing will start
in the 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 calculationswere performed: [134]
1URL 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]

https://www.thebalance.com/u-s-inflation-rate-history-by-year-and-forecast-3306093
https://www.metric-conversions.org/weight/kilograms-to-pounds.htm
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𝐶ᑔᑠᑞᑡᑠᑟᑖᑟᑥ=0.001244⋅𝑊Ꮃ.ᎳᎸᎲ
ᑒᑞᑡᑣ ⋅𝑉Ꮃ.ᎵᎹᎳᑞᑒᑩ ⋅(𝑁ᑣᑕᑥᑖ−𝑁ᑤᑥ)Ꮃ.ᎴᎺᎳ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ ⋅𝐹ᑠᑓᑤ

=0.001244⋅[10Ꮂ.ᎳᎻᎵᎸᎼᎲ.ᎺᎸᎶᎷ⋅ᑝᑠᑘ(ᑎᑋᑆ)]Ꮃ.ᎳᎸᎲ ⋅𝑉Ꮃ.ᎵᎹᎳᑞᑒᑩ ⋅(𝑁ᑣᑕᑥᑖ−𝑁ᑤᑥ)Ꮃ.ᎴᎺᎳ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ ⋅𝐹ᑠᑓᑤ
=0.001244⋅[10Ꮂ.ᎳᎻᎵᎸᎼᎲ.ᎺᎸᎶᎷ⋅ᑝᑠᑘ(ᎺᎺᎳᎻ)]Ꮃ.ᎳᎸᎲ ⋅𝑉Ꮃ.ᎵᎹᎳᑞᑒᑩ ⋅(𝑁ᑣᑕᑥᑖ−𝑁ᑤᑥ)Ꮃ.ᎴᎺᎳ ⋅𝐶𝐸𝐹⋅𝐹ᑕᑚᑗᑗ ⋅𝐹ᑠᑓᑤ

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

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

Total

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

12.1.3 Manufacturing

Calculation of themanufacturing cost per Futura aircraft is done in the sameway 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.

Cost per Unit Mass
[$ (FY2002)/lb]

Cost per Unit Mass
[€ (FY2027)/kg]

Mass
[kg]

Cost
[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
LandingGear 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

Whensumming themanufacturingcosts for thedifferentsubsystems,a totalmanufacturingcostof7.93
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 amanufacturing cost of 5.64M€ for the 100th
vehicle, or a reduction of 29%.

For the production of the prototype, the costs related to payload were removed as no seats and cargo
equipmentwill be installed for the test flight. Also, assembly costswerehalvedas thecosts to install the
payload canbe ignored in this case. Thiswasdone to try to complywith the prototype cost requirement
of 2M€. However, it can be concluded that the cost to produce the prototype,which is predicted to take
place in the year 2023, is still 5.44M€, or 3.44M€ over budget. Themain 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%.1 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 promisingCleanSky initiative.3

3URL https://www.cleansky.eu/ [cited 19 June 2019]

https://www.cleansky.eu/


12.2. Competitor Analysis 113

12.1.4 Design Cost Overview

As Futura uses innovative technology and a hydrogen-electric power plant instead of jet engines, a
safety factorof2wasapplied to thedevelopmentand testingcosts tomakesure that theestimatedcosts
will not be exceeded throughout the project. Combined, their costs are approximated to be 369.87M€.
Verificationof the resultswasdonebycalculatingarbitrary intermediate resultsbyhand. Unfortunately,
validationof thisestimationwasnotpossibleasnoreliabledevelopmentcostdatawasfoundformodern
aircraft.

12.1.5 Operations

Togive an idea of the operational costs to the future operators of Futura, an overviewof themajor costs
is given in Figure 12.2 [136].

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 costswere assessed in chapter 4, whichwere found to be182.1€per flight. 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 aswill be treated in section 12.2.

12.2 Competitor Analysis

Todetermine the selling price for Futura, the aircraft and helicopters of different competitorswere anal-
ysed and compared to Futura based onmultiple parameters. Prices of existing competitors were con-
verted toEuro inFY20274 and thenumberof passengers topayload [137]. Thecompetitor comparison
can be seen in 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-MTOWratio. However, theVTOL
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 8M€ (FY2027): this is 800 k€, or
10%, less than theaverage competing helicopter, which shouldmake it possible for Futura to 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]

5URL https://www.bjtonline.com/ [cited 19 June 2019]
6URL https://www.airbus.com/helicopters/key-figures.html [cited 19 June 2019]
7URL https://www.leonardocompany.com/press-release-detail/-/detail/2million-flight-hours
-aw139 [cited 19 June 2019]

8URL https://www.sherpareport.com/aircraft/sales-business-jets-2017.html [cited 19 June 2019]
9URL https://www.textron.com/assets/FB/2016/aviation.html [cited 19 June 2019]

https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rates/
https://www.ofx.com/en-au/forex-news/historical-exchange-rates/yearly-average-rates/
https://www.bjtonline.com/
https://www.airbus.com/helicopters/key-figures.html
https://www.leonardocompany.com/press-release-detail/-/detail/2million-flight-hours-aw139
https://www.leonardocompany.com/press-release-detail/-/detail/2million-flight-hours-aw139
https://www.sherpareport.com/aircraft/sales-business-jets-2017.html
https://www.textron.com/assets/FB/2016/aviation.html
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Table 12.3: Futura’s competitor analysis and comparison.

Selling Price
[M€]

Payload
[kg]

MTOW
[kg]

Range
[km]

𝑉ᑔᑣᑦᑚᑤᑖ
[km/h] Annual Sales Annual Operational

Cost [k€]
H125 3.01 420 2,370 483 254 162 575.14
H135 5.91 525 2,950 447 254 27 780.71
H145 10.06 840 3,700 418 248 121 999.23
H160 22.81 1,260 5,670 796 255 15 -
AW109 5.70 525 3,175 575 293 - 887.32
AW139 11.41 840 6,400 740 306 60 1,269.25
AW169 8.3 840 4,600 820 268 50 1.076.36
Bell 407 3.21 525 2,381 624 246 - 567.03
Average
Helicopters 8.80 722 3,906 613 266 84 879.29

CitationM2 4.87 630 4,853 1,117 748 39 972.87
KingAir 3.94 525 4,756 1,453 507 106 804.22
PiperM600 3.01 420 2,722 1,019 507 - 485.36
Average
Aircraft 3.94 525 4,110 1,196 587 72.5 754.15

FUTURA 8.00 900 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 theROI:

ROI= Revenues−Manufacturing Costs−Testing Costs−Development CostsManufacturing Costs+Testing Costs+Development Costs = ProfitsCosts (12.4)

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 369.87M€ to develop and 7.93M€ tomanufac-
ture the first Futura vehicle. Based on a total sales of 809 Futura vehicles over 30 years, it is estimated
that the total investment in the projectwill be 4.59B€. It is 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,
which is shown inFigure12.3. From thisgraph, it canbededuced that the totalROIafter30yearswill be
41.04%,which corresponds to a total profit of 1.88B€ over thewhole project. Besides, the break-even
point will be achieved at 172 sold Futura units, whichwill 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 369.87M€
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 3.44M€more than the critical requirement of 2M€. However, it is expected that this
requirement can be achievedwith 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 8M€ and amarket share of 10%, which is realistic as Futura
performsbetter inmultiple parameters and costs onaverage10% less thanexisting helicopters,
the break-even point is achieved at 172 units taking approximately 8.77 years to attain. Over a
time of 30 years, a ROI of 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 to it, this chapter focuses on twoothermajor essential topics. section 13.1 aimsat investigating
the reliability, availabilitymaintainability, andsafetyof theaircraft. Furthermore, section13.2discusses
the significant technical, commercial, and operational risks Futura could be subjected to and proposes
adequatemitigation 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 andmaintainability for which requirements and regulationsmust 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
plant arealsoprovided; however, since thesesystemsdiffer significantly from theoneof aconventional
aircraft, newestimateshave tobedetermined. Forwhat concerns thepowerplant system,a failure rate
per component has been defined in section 6.5, resulting in an overall failure rate of 3.48𝑒ᎽᎻ ᑗᑒᑚᑝᑦᑣᑖᑤ

ᑥᑚᑞᑖ[ᑙ]
for the complete system. To determine the related reliability, a negative exponential distribution can be
used such that:

𝑅=𝑒Ꮍᒐᑥ (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 themaintenance sessions. Asprescribedby regulations, after 400hours of flight
anA type inspection ismandatory 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.

Asimilar approachhasbeenused tounsuccessfully determinea 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 ᑗᑒᑚᑝᑦᑣᑖᑤ

ᑥᑚᑞᑖ[ᑙ] [106]. 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.
Thementioned 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
assessedunder testingconditions insteadofnormaloperatingconditions, resulting therefore inafailure
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
systemwhich affects the reliability the most. In conclusion, no reliable value could have been defined
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for the reliability of the flight control system.

The reliabilities for thedifferent systemsaresummarised inTable13.1. Bymultiplying thesevalues, it is
possibletodefineareliabilityestimateof0.9714forthewholeaircraft,excludingtheflightcontrolsystem.

Table 13.1: Reliability of aircraft systems.

System Reliability Estimate
Airframe 0.99940
Electrical 0.99997

Power Plant 0.99999
GroundControl 0.99598

Cockpit Instrumentation 0.976

13.1.2 Availability

Anavailabilityof90%hastobereachedtosatisfythecustomerrequirement. Forthisgoaltobeachieved,
it is important to minimize the time the aircraft spends on the ground due to maintenance operations.
When takinga timeofoneyearasareference, this requirement translates intoavailabilityof328.5days.
Consequently 36.5 days or 401.5 hours a year can be dedicated to maintenance, considering the air-
craft is operative for a maximum of 11 hours per day. According to what prescribed by regulations, the
aircraft is yearly subjected to the so-called A inspections at least every 400 hours of flight, requiring 10
hours each to be completed. Since it is 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 requiredmainte-
nance per year. In addition to this estimate, B checks are also performed every 6months, requiring 72
hours of maintenance.1 It is 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
furtherunscheduledmaintenance. Furthermore, the timeoutside theaircraftdailyshifthourscouldalso
be used for the samepurpose, leading to an extra of 4270.5 hours per year. Given that the flight control
system ismoresubjected to failure thanother control systems, it is expected from this system to require
moremaintenance hours than the ones planned from the regulations [106]. However, considering that
on theaverageacommercial aircraft requires the sameamount of hours for unscheduledmaintenance
asforscheduledmaintenance(WimVerhagen,personalcommunication,23June2019), it isconcluded
that given the spare amount of hours, the 90%availability requirement can still bemet.

13.1.3 Maintainability

ThemaintenanceofFutura isbasedprimarilyonperiodic inspections (A,B,C,andDchecks)asalready
described in [116]. However, each aircraft will have to spendmore hours under maintenance than the
minimumprescribedby the regulations. According to [106], theV-22Osprey takeson theaverage18.6
maintenanceworking hours per flight hour. One of themain issues because of which theV-22 requires
such a consistentmaintenance 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. It is,
therefore, possible to drastically reduce the maintenance of working hours per flight hour to less than
10.

To guarantee easy accessibility of the nacelleswithout the need of removing themcompletely,multiple
panels areplacedon theside, on thebottomandon the topof thenacelle itself along its length. Further-
more, the lower wing configuration also contributes to making the inspection of the wing itself and the
1URL https://www.qantasnewsroom.com.au/roo-tales/the-a-c-and-d-of-aircraft-maintenance
[cited 21 May 2019]

https://www.qantasnewsroom.com.au/roo-tales/the-a-c-and-d-of-aircraft-maintenance
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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
compartmentshallbecleanedaftereachflight. Furthermore, toavoid theriskofhydrogen ignitionwithin
the tank itself, all the related minor maintenance operations shall be performed with the tank being al-
ways at least 15% filled. The performance of other power plants components such as the fuel cells and
batteries can be continuouslymonitored 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
designhas therefore beendeveloped to achieve theminimumsafety performance imposedby 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 amore 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. It is, 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.

AnothersafetyconsiderationthathastobedoneconcernsthecorrosionresistanceofAluminum2024T6,
which is thematerial used themost in the design of Futura. The application of aluminumalloys, in gen-
eral, is indeedrestrictedbypoorcorrosionresistance,which isdueto theeasilyerodibleprotectiveoxide
layer [140]. Althoughcorrosion inhibitors suchaschromatesarewidelyused inaerospaceapplications
toenhance thecorrosion resistance, thesearealsoenvironmentallyunfriendlysince theycouldcontain
metals such as chromiumand 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. This risk is elab-
orated in detail in subsection13.2.2,whereeffectivemitigationmeasuresareproposed tominimize the
likelihood and impact of this event.

13.2 Risk Analysis

This section focuses on the major 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 themajor risks already addressed [116]. Furthermore, with the de-
tailed design being developed, new uncertainties arise which are also tackled here. The structure of
thissection is, therefore, as follows: firstly, the risks inconsiderationare introduced,and thecausesand
consequences for eachare reported. The risksare thenassessed, anda riskmitigationstrategy is con-
sequently planned. Finally, the post-mitigation matrix shown in Table 13.6 summarises the expected
effects of themitigation 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 analyzedwith their related causes and consequences.

Table 13.2: Risk identification table.

Risk ID Risk Cause Effect
Technical Risks

T4 Catastrophic
rupture of the fuel tank Over pressure, internal tank combustion Hydrogen ignition, tank explosion

T6 Small leaks
fromhydrogen tank

stress cracks in tanks due to pressure
cycling, faulty pressure relief device,
faulty coupling from tank to feed line

Hydrogen losses, hydrogen ignition

T9 * Battery failure
during operation

Electrolyte leakage, over charging,
over discharging, thermal runaway

Loss of aircraft power, battery ignition
damage of nearby located electrical

components
Commercial Risks

C4* Short flight routes
get cancelled

Political decisions based on
environmental considerations

Futura becomesmore competitive
on themarket

C5* Futura is not profitable More competitors on themarket,
loss in competitivity Failure of the project

Operational Risks

O6* Entering the deadman
zone during operation

Operational constraints
(e.g. departing froma roof top) Autorotation not achievable

O7* Failure of nacelle
rotation during operation failure of the tilt rotormechanism Loss of aircraft controllability

All the risks listed inTable13.2aredefinedby themeanofan identifier; furthermore, thenewriskswhich
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, a risk can indeed be both, and for complete risk identification, it is, therefore, essential to include
also relevant opportunities [141]. Risk T4 and T6 have already been considered in [116]. However, a
reassessment isherenecessary, considering thecritical consequences theycould lead toasexplained
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 systemor 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 systemor 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.
A total score of 16 resulting frommaximum likelihoodand 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 still important
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risks for which amitigationmeasure is required.

Table 13.3: Risk Assessment Matrix (RAM).

Likelihood& Impact Remote (1) Unlikely (2) Possible (3) Likely (4)
Catastrophic (4) T4

Critical (3) T6,T9*,
C5*,O7* C4,O6

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 O7* 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-
gationmeasures 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 for redundancypurposes. Atnormaloperatingconditions (i.e. a temperatureof50∘C
and pressure of 2.5 bars) these valves allow the internal pressure decreasewhen a 3%gas con-
tent is reachedasexplained in section6.3.3. Acryogenic safety valveof type06810 is suitable for
theperformancethetankhastosustain,since ithasbeencertifiedbythemanufacturer tocorrectly
operatebetween temperature rangesof -270∘Cand+400∘C. On thedrawbackside thisvalve type
workswith a spring load systemwhich requires regularmaintenance [142]. Concerning thismiti-
gationmeasure,anadditional remarkhas tobemade: ithas indeedbeenestimated that if apower
higher than26.6kW isappliedtothetank, therateatwhichliquidhydrogenturns intoagasishigher
than the discharge rate the safety valve can generate. It is 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, themitigationmeasurerecommendedto theoperatorsof theaircraft is to leaveat least15%of
hydrogenalwaysinthetank: ononesidethisallowstomaintainalwaysthetankat thesufficientop-
eratingtemperature,and,ontheotherhand, thepressure isenoughtopreventair fromflowing into
the tank. Furthermore, ground operations shall bemeticulous 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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aminimal molecular size and can easily permeate intomost metals [142]. A faulty connection of
the tankwith the pipeline can also be the cause of small leaks from the tank itself. Thementioned
leakswhichoccurduring the timeofasingle flightdonot representa relevantdanger for thesafety
of the aircraft. However, the hydrogen released during multiple flights and accumulating in the
tank compartment could reach a critical level for which aminimum amount of energy is sufficient
for ignition. In theworst casehydrogen to air ratio of 0.04and0.02mJof energywould beenough
for themixture 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 amitigationmeasure 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 it is necessary tomonitor 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, it is required that the hydrogendetectorwiringwithin the tank compartment ismadeof
optical fibres rather than standard electric cables. Hydrogen sensors implementing optic fibres
havealreadybeensubjectedtoresearchfortheirpotentialofnotgeneratingsparksorshortcircuits
[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
insteadof electric ones, andwhenopened, theyallow for a flowof air to theexternal 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*)BatteryFailureduringOperation: 36batteries connected inparallel are installedonboard
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 failuremodes [145]. An important failuremode belonging to the first
category consists in the electrolyte leakage caused bymechanical damage: such leakage could
result in theshort-circuitingof theadjacentsystems,andmost importantly itscontact ishazardous
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 cell itself. 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:Asalreadydiscussed in [116] incaseof failureofoneof thebatteries, theotherones
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]

https://www.faa.gov/news/press_releases/news_story.cfm?newsId=14233


122 13. Risk Analysis andRAMS

ever, be implemented to limit the impact of this risk. To prevent overcharge and over discharge, a
common solution is to set specific voltage limitswhich allow the electrical load of the battery pack
tobedisconnectedwhensucha limit is reached. Batterypackdesignusually containsalsomech-
anisms to disconnect the battery if its performance deteriorates remarkably [145]. A protection
safetymodule (PCM) is implemented toserveboth the functionofovercharging/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 bymean 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, thecurrentone isanopportunity rather thana threat. Due toenvironmental reasonsshort-
range routes such as the one connecting Amsterdam to Brussels will be most likely be banned
soon. If this risk is triggered, Futurawill becomemore competitive on themarket.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*) Futura is 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 aircraft is 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,
whichhasbeenestimated to be335million euros. Suchestimate already includesa safety factor
of two as explained in chapter 12, and it represents, therefore, an implicit mitigation measure by
itself. Furthermore, to pushmore investors to invest in this project, European governments shall
take the first step, such that the investors themselveswill have to share a lower risk.

• O6*) Entering the Dead Man Zone during Operation:— For each helicopter combinations of
heights and velocities exist defining the so-called deadman 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 enoughmanoeu-
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. It is, therefore, possible that the dead man triangle is
entered. In sucha case, sufficient speedor height shall be gainedas soonaspossible. However,
no specific mitigation measure can be defined for this risk besides ensuring proper flight train-
ing: the pilot in command is indeed expected to knowwhat the boundaries of the deadman zone

3URL https://www.brusselstimes.com/all-news/brussels-all-news/54246/dutch-parliament-wan
ts-brussels-amsterdam-flights-axed/ [cited 16 June 2019]

https://www.brusselstimes.com/all-news/brussels-all-news/54246/dutch-parliament-wants-brussels-amsterdam-flights-axed/
https://www.brusselstimes.com/all-news/brussels-all-news/54246/dutch-parliament-wants-brussels-amsterdam-flights-axed/
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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 duringOperation: 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
themechanismwhichallows thenacelle rotationwould, therefore, result in thepossibilityof losing
control of the aircraft with the consequent possible crash. It has been assessed that for the V-22
Osprey, themajority of the failuresduring the testingperiod 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. In the first case, the failureof the tilt-rotormechanismoccurswith theenginebeing verti-
cal or at a tilt angle smaller than themaximumvalue forwhich propeller ground clearance is guar-
anteed. Sincesuchscenario ismost likelymetduring the take-offphase, thesafestsolutionwould
beto lockthenacelle inplaceandtoperformalandingwiththefunctioningrotorbeingbroughtback
to its initial vertical position. In case the failureoccurredduring thecruise,with the rotor axis being
parallel to thefuselageaxis, thesituationwouldbemorecriticalsinceanemergency landingwould
havetobeperformedwithoutpropellerclearance. Additional titaniumswivelsallowingthenacelle
rotation such as the ones used by the V22 are therefore implemented for redundancy [104].

13.2.3 Post Mitigation Risk Assessment

Themitigationmeasuresdiscussed insubsection13.2.2aresummarised inTable13.5. Their effectare
furthermore reported in Table 13.6.

Table 13.5: Summary mitigation measures.

Risk ID Risk Mitigation
Technical Risks

T4 Catastrophic
rupture of the fuel tank

Implement cryogenic safety valve,
leave always the tank

at least 15% full

T6 Small leaks from
hydrogen tank

Implement hydrogen detecting sensors,
Implement pneumatic actuators to allow
flow through the tank compartment

T9* Battery failure
during operation

implement back up batteries, implement
protection safetymodule, place batteries

within casings
Commercial Risks

C4* Short flight routes
get cancelled Nomitigationmeasure is required

C5* Futura is not
profitable Involve governments as stakeholders

Operational Risks

O6* Entering the deadman
zone during operation Ensure proper pilot training

O7* Failure of nacelle
rotation during operation Implement redundant swivels
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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*,O7* C4,O6*
Marginal (2) C5*
Negligible (1)

Conclusion

In this chapter the RAMS andRisk analysis have been addressed. It was concluded that a high
level of reliability characterise the power plant systemand 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
ignitionorevenexplosion, the tank itself isobjectofanextensive riskanalysis, asaresultofwhich
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 othermajor commercial and
operational risks are investigated including the opportunity that short flight routes get cancelled.



14. Future Development

This chapter addresses the post DSEactivities 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
aircraft forward. Aparticular focus is placedon the initial phaseof thedevelopment (Early configuration
andMarket 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-
sented in 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.

Thefollowingphasesarealsofundamentalsincetheywilldefine theaircraftcharacteristicsmuchhigher
level of detail. One key phase of the cycle is the product definition: in this phase, three equal design
cyclesare includedthanks towhich finalaerodynamicandcontrolandstabilitycharacteristicswillbeob-
tained thanks to repeatedwind tunnel tests. Thesecycleswill allow toconverge to final results concern-
ing the aerodynamic and stability properties of the aircraft. The product definition phase is going to be
followedbythedetailedstructural,systemsandprocessdesigninwhichthecompleteCADmodelsofthe
aircraftwill beproducedaswell as thesimulationsneeded topredict theaircraft performances. Eventu-
ally, themanufacturingandlogisticsprocessisalsogoingtobepreciselydefined,andthebasisfortheair-
craftcertificationwillbeestablishedtoobtainitbeforethefirstdelivery. ThedevelopmentphaseofFutura
willbefollowedbythecomponentstestingphaseinwhichsystemswillbeinstalled,andstaticandfatigue
tests will be completed. Eventually, the last phase of the development ismade by the flight tests which
arenecessarytovalidatetheperformancecharacteristicsoftheaircraft. Thetimeorderoftheactivitiesof
thecompletedevelopmentcycle ispresented insection14.2basedon typicaldevelopment times [147].
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Figure 14.1: Development logic of early configuration and market analysis.
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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 themarket 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. Amission 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 timeof 26minutes 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-
sult in 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. It is found that the design space is constrained
by the stall speed and the manoeuvring performance resulting in an optimal wing area of 21.035 m2.
Subsequently, the NACA 23018 air-foil is chosen to shape the wing due to its large enough thickness
to chord ratio. Finally, the aspect ratio is found to be5.258. Asa 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 ofFutura. This takes intoaccount loads inbothvertical and
horizontal flightbyCS-23andCS-29 requirements. The largest load factorpossibleon theaircraft is3.8
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 byminimising accessories
while not sacrificing comfort. The aircraft will boast continuous glasswindows, which ismade possible
by the lack of a need to pressurise the cabin. The cabin width is 1.48 m and the height is 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
memberof theaircraft are the rotors on theendof bothwings. Astudyof the rotor geometrywascarried
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 bladeswith a radius of 4.415m 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
maincomponents: fuel cell, batteryandelectricmotors. Temperature control of fuel cells, batteriesand
motors is essential for thecorrect functioningof these. This is doneusing radiators,with50/50ethylene
glycol solution. The totalmassof the radiatorandcooling liquid,withapump, is215.7kgseparatedover
three radiators in eachwing.

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

128
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measures. Theminimummass isachievedwhenthefuelstackdelivers343kWandthebatteriesdeliver
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⋅10ᎽᎺℎᎽᎳ, which allows for safe operation. With all the components selected an electric block dia-
gram is developed, combining the different components of the system througha charge/load controller
tomanage 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 NACA0018 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 minimumMTOWof 3925 kg. Concluding the chapter a sensitivity analysis is performed.
This shows that even if amore conservativemass 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% COᎴ 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
cost is 370M€. 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 ismet.
With a full description of the system, market and processes, Futura is ready tomove 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 andReturnOn Investment

To ensure that Futura can achieve a strong position in the future aviation market, the market analysis
needs to be performedmore in-depth. This includes looking at flight routes in which Futura will be im-
plemented first and carrying out surveyswith business customers. These surveysmight 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 andmanufacturing costs of
Future, the ROI can be updated andmademore precise. Also, tomeet the requirement of 2M€ for the
prototype manufacturing, government investment options such as the Clean Sky initiative need to be
applied for. Finally, theanalysisof thecurrenthelicopterandaircraftcompetitorsneeds tobeelaborated
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 theDATCOMmethod used until now uses formulas
based on statistics from the previously designed aircraft and is not very accurate. At the same way, to
haveaclear overviewofwhat theaerodynamics interactionbetween the rotor and the integrationof the
fuselage-wing is, the samestudy should be conducted. Similarly, aCFDanalysis of the rotor should be
performed to validate the results obtainedwithBEMT,aswell as to provideaccuratenoiseestimations.
These could then be further analysedwith wind tunnel experiments.
Further design iterationsmay include additional rotor optimisation by including sweep in the wing tips.
This reduces thewing tipMachnumberandcouldhave twopossiblebenefits: noise reductionor power
reduction. This analysis could further improve 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. Thiswill be done by using
thewarming 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 twomeasures applied simultaneously will help to contain cables
weight and bring the power plant design as awhole to a newoptimum.

Stability andControl

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 amitigation 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 systemwill, 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
mitigationmeasure for this risk.

Concerning the landing gear design, a belly landing both in the case of emergency gliding and vertical
landing could have fatal consequenceson the structure of theaircraft if the landinggear 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-
ingmechanism 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, CFDwill 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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