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Executive Summary

Contributors: Everyone
Authors: Nino, Johannes, Ishan, Hanna, Sven !

The Final Report for the Design of a VTOL (Vertical Take-Off and Landing) Firefighter Aircraft, designated as
the FireFly, encapsulates the collaborative efforts of Group 13 from Delft University of Technology. The project
was conducted from April 22, 2024, to June 28, 2024, under the supervision of Dr. Calvin Rans and other
distinguished coaches. The primary objective of the project was to develop a VTOL aircraft that bridges the
performance gap between traditional firefighting helicopters and fixed-wing aircraft. The FireFly is designed
to achieve higher speeds, a greater tank capacity and an extended operational range while maintaining the
flexibility and versatility required for effective aerial firefighting. This report provides a detailed overview
of the sustainability, operational strategies, design process of aircraft configuration, feasibility and risks and
economic considerations, reflecting the comprehensive approach adopted by the team.

Sustainability

For this design, not only the sustainability of the aircraft itself should be taken into account, but also the
impact this design has on the environment. Controlling fires by extinguishing them to prevent civil areas from
burning is the main priority, but it also prevents many emissions. Because of this, sustainability was a core
consideration in the FireFly’s design, reflecting the urgent need to mitigate the environmental impact of forest
fires. Forest fires are significant sources of greenhouse gasses, annually emitting far more than the entire
aviation industry. However, forest fires are also necessary for a healthy forest. They remove excessive bushes
and waste on the forest ground and create fertile soil for new plants to grow. Only when the bushes become
too large, an unhealthy forest fire can arise. In that case, not only the bushes but the whole forest is turned
into ashes. Whenever an unhealthy forest fire arises, aerial firefighters are called into action to control the
fire, so the fire still removes excessive bushes without reaching civilisation. Next to the environmental impact
of a forest fire, society is also socially impacted as areas need to be evacuated and houses could be burned
down. As the emissions of the FireFly are small compared to the forest fire emissions, a high-performance
firefighting aircraft would be designed for while keeping the design philosophy in mind:

As forest fires are massive emitters, the aircraft should be designed sustainably on the condition that per-
formance is not affected.

With this design philosophy, the FireFly aims to reduce the emissions caused by the forest fire while keeping
its own emissions as low as possible. The FireFly’s design seeks to address the issues of forest fire conse-
quences by providing rapid and effective responses to forest fires, thereby mitigating their overall impact on
the environment and society.

Operations & Logistics

In order to understand the operations and logistics, a mission profile diagram was first created. This allows
one to identify crucial mission related aspects and phases, especially about the multi-role capabilities. The
biggest takeaway from this part arises from the interactions between the involved parties.

There are two main operators in the world of aerial firefighting. Firstly, the operator who manages the overall
firefighting operations is the ground supervisor. They are in charge of managing all firefighters and coordi-
nating between ground firefighting crew and aerial firefighting crew. They are also in charge of dispatching
the fleet of aircraft. Therefore, this person has the largest responsibility in AFF operations. Secondly, the
Air Attack Group Supervisor’s (ATGS) role is to manage and direct all aerial firefighting aircraft. This oper-
ator also directs the aircraft to the suitable water refill sources and constantly coordinates with the ground
supervisor.

Within operations, many stages can be identified, namely main base, cruise, fire, water pickup, air exchange
and ground exchange. Within each of these phases, various operators are involved and interact with each
other. The central part to all these phases are the aerial firefighting aircraft.

LChatGPT was used as inspiration for this executive summary.



Figure 1: Overview of all involved parties within the different stages of aerial re ghting.

Aircraft Characteristics & Con guration

The development of the FireFly was driven by a large set of design requirements. The key ones are the ability
to reach a dash speed of at least 400 km/h and having a retardant tank capacity of 10,000 L. To meet these
design requirements the FireFly has adopted a quad tiltrotor concept. this aircraft con guration allows for
high versatility due to the hover ability as well as substantially higher dash speeds than helicopters due to
the ability to tilt the rotors and function like an aircraft. To be a multi-role aircraft able to perform a wide
range of missions the aircraft has been equipped with many unique features. This includes large tyres with
low in ation pressure to operate on soft uneven surfaces, a big cargo area in the cabin able to be transformed
depending on the mission, a cargo ramp large enough to load half pallets onto the aircraft and a 10,000L
retardant tank.

the wings have been designed with simplicity in mind and both the front and rear wings are therefore similar
and completely rectangular. This allows for easy integration of the driveshaft from the engines through the
wings which means that all engines are connected and power can be transferred between the rotors. Because
of this an engine failure is not a critical failure and the FireFly is still able to hover with one engine inoperative.
To give an idea about the size of the Fire y, an overview of the general external dimensions is given in Table 1
and a render of the FireFly during ground operation can be seen in Figure 2.

Table 1: General dimension for FireFly

Parameter Value | Unit | Parameter Value | Unit
Maximum take-off weight 35154 | kg Front wing to rear wing 12.3 m
Retardant tank capacity 10000 | L Rotor diameter 6.0 m
Full capacity range 680 km Wing span 15.3 m
Ferry range 3500 | km Fuselage width 2.1 m
Nose to tail length 20.7 m Ground to tail height 7.5 m

Risks & Feasibility
Technical risk assessment was conducted to account for possible risks that can occur during the re ghting
operations. The main identi ed risks of the FireFly are related to the malfunctions of the water drop system



Figure 2: Render of FireFly in Ground Con guration.

components and stability issues with controlling the aircraft after engine loss. For every risk, a mitigation
strategy was found including redundancies in the design, regular maintenance and appropriate crew training.
The occurrence of catastrophic risks was reduced by 13 with the use of mitigation strategies.

To assess the feasibility of the FireFly project, rst, the compliance with the initial user requirements was
analysed. It showed that the FireFly complies with all but two user requirements which take into account the
reliability and certi cation of the FireFly. At this point in the design, an analysis of compliance with those
two requirements was not made but it is expected that the aircraft will be able to comply with them once fur-
ther analysis is made. It is recommended to continue further development of the FireFly since it is expected
to make a high impact on an aerial re ghting mission due to its high cruise speed, high water/retardant
capacity, VTOL capability and multi-functionality while having no major design aws that are deemed un-
solvable in later design stages. The biggest challenges are expected in terms of stability and control due to an
unconventional quad-tilt rotor con guration as well as in aerodynamics due to the same reasons.

Market Analysis & Pro t

After an analysis of the AFF market and cost estimations, FireFly is found to be nancially viable. A market
gap for the FireFly is identi ed in the mid- to high-capacity aircraft and helicopter range. Within this range
the market volume is estimated at 77 units per year and a market share of 19% is found to be achievable for
the FireFly. With this market share and a competitive selling price of $60 million, a Return on Investment of
7% can be reached after 10 years and a break-even is reached at a hundred units sold. If the effort is made to
collaborate with an established industry rm, the Return on Investment can increase from 7% to 17%. Mainly
due to signi cantly lower RDTE costs and lower risk.

Future Development

Further development of the FireFly would consist of a more detailed design. This would mean CFD analyses
to know the effect of the aerodynamics, of the rotors and how the two interact with each other. A more
detailed structural analysis and material selection for parts of the aircraft. A simulation where the stability of
the FireFly is measured. And nally a better emission analysis. After the detailed design, a production plan
needs to be set up and pilots need to be trained, so the FireFly can be tested.

Conclusion

The FireFly represents a signi cant advancement in aerial re ghting technology, offering enhanced per-
formance, operational exibility, and sustainability. By addressing the critical needs of modern re ghting
efforts and balancing environmental considerations, the FireFly is poised to make a substantial impact on
re ghting ef ciency and effectiveness globally.

This report encapsulates the meticulous planning, innovative design, and strategic foresight invested in de-
veloping the FireFly, demonstrating its potential to rede ne aerial re ghting capabilities. The FireFly's de-
sign, operational strategy, and economic viability position it as a leading solution in the aerial re ghting
market, capable of addressing the growing challenges posed by forest res and their environmental im-
pact.
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1 | Introduction

Contributor / Author: Ishan

Wild res are increasing every year due to global climate change, damaging properties and nature and greatly
impacting peoples lives. Furthermore, they release thousands of tons of carbon emissions every year, fu-
elling climate change too. In 2023 only, 2300 tons of carbon emissions were produced by wild re 1 Climate
change exacerbates hot, dry and arid conditions in certain areas of the world, facilitating the start and spread

of these res. As these res are spreading over larger areas and becoming increasingly common, an effec-
tive method of containing and suppressing wild res is required. This is where aerial re ghting comes into

play. It consists of leveraging the speed, agility and response time of aircraft to drop water or retardant on
wild res.

The current aircraft which conduct aerial re ghting operations are indeed effective. However, they are lim-
ited in numerous aspects. These are often existing designs which are modi ed to carry out aerial re ghting
operations. These aircraft are usually extremely capable in a certain eld, but certainly lacking in others. Cur-
rently, two main categories of aircraft can be identi ed: aeroplanes and helicopters. Aeroplanes have large
cruise speeds and range but are extremely limited in terms of exibility. On the other hand, helicopters have
excellent exibility but poor endurance and speed. Therefore, the need for an aircraft capable of bridging
this gap is indispensable. This report contains a detailed design of a novel aerial re ghting aircraft named
FireFly.

This report aims to show the results and process of the design. An important point which is often highlighted

in this report is how certain design choices are made and their impact on the aircraft as a whole. The concept
of the Fire y is a quad tiltrotor (QTR) meaning it has hover capability as well as cruising at high velocities
(more than 400 km/h).

The report is structured as follows. Firstly, Chapter 3 provides an overview of the functional aspects of the
aircraft, especially focusing on the basic functions it must ful . Secondly, the sustainability approach to and
development strategy is presented in Chapter 4. A look at how sustainability is implemented and relevant to
the design is described in this chapter. Thirdly, the operations and logistics are described in Chapter 5. First,
the mission pro le is displayed and next the interactions between all involved parties and users are explained.
Fourthly, the aspects of materials and production are presented in Chapter 6. In this chapter, material choices
and characteristics are shown, as well as the production plan of the aircraft. Following this chapter, the air-
craft characteristics are discussed in Chapter 7. Weight estimations, aerodynamic characteristics, propulsion,
stability and control are all analysed and discussed here. Next, the aircraft con guration and its system char-
acteristics are shown in Chapter 8. The subsystems, their interaction and placement are elaborated on in this
chapter. After this, a feasibility analysis can be made and is found in Chapter 9. In this analysis, a compliance
matrix can be found which shows if requirements have been met or not. Following this, Chapter 10 dives into
the veri cation and validation procedures for the design. As part of this chapter, a RAMS analysis has been
conducted. Next, Chapter 12 describes how the proposed design could enter the market and looks into the
return on investment (ROI). Lastly, further development analysis is conducted and analysed in Chapter 13.
This chapter shows the post-design activities required for successful real-world implementation.

1Link [cited on 19-06-2024]



2 | Midterm Summary

Contributor / Author: Caitlin

The FireFly is designed to achieve higher speeds, a higher tank capacity and a longer range than current AFF
helicopters whilst being more versatile than xed-wing AFF aircraft. The main requirements for this design
are that the aircraft shall be capable of reaching dash speeds of at least 400 km/hr with a tank capacity of 10000
L and shall be equipped with a snorkel device capable of swiftly re lling the tank in the most inaccessible
terrains. From these requirements, the FireFly was born. Moreover, the FireFly's mission is to more ef ciently
and effectively ght wild res worldwide.

Prior to this phase, the nal, there were three other phases. The Planning Phase was the initial phase in which
planning was set up for the entire duration of this project. The planning included setting up a work ow
diagram, a work breakdown structure and a Gantt chart. Additionally, a literature study was done in order
to familiarise the team with the topic of aerial re ghters and to be in a position to ask pointed questions
to experts in the eld. This proved to be very useful as the team has spoken to multiple re ghting experts
around the world and gained valuable insights into aerial re ghting operations.

Moreover, the second phase also known as the Baseline, consisted primarily of determining the user and
system requirements. These proved to be essential for developing the concept designs and the phases after-
wards. It was then possible to set up design options trees (DOT) for individual subsystems of the aircraft. This
was done to prepare for the trade-off in the Midterm Phase. Additionally, a functional ow diagram and func-
tional breakdown structure were created to visualise what operations would be done during a mission.

Furthermore, in the Midterm Phase, an extensive trade-off was done to determine which aircraft concepts
would be feasible for the Detailed Design stage. Initially, seven feasible concepts were created out of the var-
ious subsystem con gurations. It was decided to choose two concepts out of these seven which would be
designed in further detail. The two designs were a QTR and a Compound Helicopter (CH). Both designs com-
plimented each other in terms of mission success and both performed well in manoeuvrability. A summary
of the criteria and weights is found in Table 2.1. The criteria were graded from -2 to 2 with -2 performing the
worst.

Table 2.1: Concept trade-off matrix with the criteria and their respective weights as the width of the columns and placed in between

brackets.
o Sus- Ma- Tech-

o Initial . Full Ca- nology Com-
Criteria t Response tain- pacity noeu- Readi- | plex- Tot
Concepts # | Time(s) i?b(l:ll:) Cost(2) Range(4) vlza(lzl) ness ity(3) Risk(2)

y y Level(3)
CH 0 2 0 0 2 1 2 0 19
QTR 2 0 -1 2 2 -1 -1 1 15

The team decided to split into two separate teams to develop each concept further. Following this, the De-
tailed Design phase will be described in this report. It was decided that this team would be designing the
FireFly aircraft in the next phase of the report.

The aircraft was named the FireFly and has four tilt rotors located at the ends of the main wing and the
horizontal stabiliser (the rear wing). The aircraft has a water tank and pump system of 10000 L. Additionally,
the design of the fuselage was decided to not be circular due to the cabin not being pressurised. There is a
retractable ramp at the rear of the aircraft through which additional payload can be taken in or out. The water
tank is located at the bottom of the fuselage and leaves suf cient room to transport six passengers if desired.
The wings on the aircraft are identical in shape and size and have a constant chord throughout. The engines
chosen for the tiltrotor are the AE1107F turboshaft engines manufactured by Rolls Royce and each has a rotor
with a 12 m diameter. The aircraft is able to y in hover or in horizontal ight and can switch between these
ight modes at will.



3 | Functional Overview

3.1. Functional Flow Diagram

Contributors: Ishan, Jimmy . Authors: Caitlin, Jimmy

The aircraft will need to perform certain functions during every mission. In order to have an overview of the
logical order in which functions are to be performed, a functional ow diagram (FFD) was created. Addition-
ally, an overview of the entire lifecycle, from production to retirement, was created.

Some characteristics of the concept have changed since the Baseline report. The most apparent change is the
removal of the scooping function in the water re lling branch of the operational FFD. During the conceptual
trade-off, scooping had been eliminated, so the FireFly will only re Il in hover mode. In addition to that, the
payload exchange functional ow has been re ned to better re ect the sequence of functions in a ground
exchange and in an air exchange. Finally, the logic of the FFD has been improved. For one, decisions that also
require communications with other involved parties like ATC or ground crew, have been better represented
in the functional ow. Besides that, the decision to start a mission has been moved before the decision to
reload the payload. The FFD can be found in Appendix A

3.2. Functional Breakdown Structure

Contributors: Hanna . Authors: Caitlin

The Functional Breakdown Structure (FBS) is essentially an AND tree that displays which functions the prod-
uct is supposed to perform. A preliminary version was made in the baseline report, but now that a concrete
selection has been made, an iteration is required. The main changes are the same as the ones in the FFD such
as removing the scooping function. Additionally, some functions have been rephrased and the nal diagram
can be found in Appendix A.



4 | Sustainability Development Strategy

Contributor / Author: Nino

Sustainability needs to be considered in the design, as it is important to prevent unnecessary emissions. A
sustainable design can be achieved with sustainable development. According to Brundtland [1], sustain-
able development has the following de nition; "Sustainable development is the development that meets the
needs of the present without compromising the ability of future generations to meet their own needs.". The
current need would be the overall objective of this project, which is; "Develop a multi-role VTOL aerial re-
ghter that can bridge the capability cap of traditional re ghting helicopters and xed-wing aircraft." This
statement needs to be achieved while emitting as little emissions as possible to not compromise future gen-
erations.

The following sections explain how sustainability is taken into account for the design of the FireFly, compare
the impact of forest res and re ghting eets and explain why better aircraft performance is more sustain-
able for the overall mission than better aircraft sustainability.

4.1. Impact of Forest Fires

Before sustainability can be implemented in the design itself, it is important to understand the threat a forest
re poses to the environment and humanity. In this case, that would be areas with forest res. Forest res
have major impacts on the environment, but also impact social and economic aspects of a society.

4.1.1. Environmental Impact

Forest res cause a lot of emissions. When a wild re ignites, vegetation and organic matter will be burned
and release greenhouse gasses (GHG), harmful mixtures of air pollutants, smoke and particulate matter into
the atmosphere.

The main greenhouse gasses released by re are carbon dioxide (CO ;), methane (CH 4), and nitrous oxide
(N 20).1 N2O is a product of combustion, CH 4 is emitted due to incomplete combustion of biomass and CO
is mainly released due to the complete combustion of biomass. CO 5 is released when trees and plants are
burned, as these store CO» from the atmosphere. The amount of emissions produced by wild res will be
discussed in Section 4.2.

The smoke from wood, but also structural res, such as residential or industrial res, can contain toxic par-
ticulate material including metals, CO and toxic organic compounds. These particles build up in all living
bodies and could cause numerous problems to their health. Some immediate effects would be burning eyes,
runny nose, scratchy throat, irritated sinuses, irritated coughs and shortness of breath. Some health effects
due to exposure to small particles of 2,5 microns are an increase in severity of asthma, COPD, in ammation
or infections, including bronchitis and pneumonia. Long-term exposure to these particles could cause mem-
ory loss, learning disorders and reduced lung function. 2 Because of this, it is important to prioritise forest
res close to urban areas.

When a forest re occurs, much damage is done to ora and fauna. However, according to Natural-Resources
Canada, apart from the destruction forest res cause, res are advantageous to the forest: "Forest res release
valuable nutrients stored in the litter on the forest oor. They open the forest canopy to sunlight, which
stimulates new growth. They allow some tree species, like lodgepole and jack pine, to reproduce, opening
their cones and freeing their seeds." 2 The current problem with forest res is that the res become too big,
because of the heavily crowded trees and bushed areas. Healthy forest res only burn the excess bushes on
the ground. Unhealthy forest res burn down the whole forest. Causing the trees to not grow back anymore
after a re. The main job of an aerial re ghter is then to control the re and not necessarily to extinguish

it. The control of the re is important, as the re can not spread too much and come too close to civil or
industrial areas. If it does, plastics and other non-natural and natural materials will burn up and release toxic

1Link [cited on 12-06-2024]
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materials into the atmosphere.

4.1.2. Social Impact

Forest res also create a large social impact on a community. Water and electricity can be cut off, roads are
blocked, cities need to be evacuated and houses can burn down. These impacts can be noticed weeks after a
re and it can take a long time to rebuild the damage done by the re.

4.1.3. Economic Impact

The economy of a community is also heavily affected by a forest re. The main economic impact is cre-
ated due to the high cost of repairing the damage and destruction of infrastructure and buildings caused by
wild res. This is another reason to prioritise forest res close to urban areas. The rst and most important
objective is to save citizens. In addition, the economic impact can be reduced by preventing the destruction
of properties. The economic impact can also be noticed in the business sector. Areas close to the wild res
will be evacuated and businesses will be temporarily closed. This means no revenue will be made, while there
are a lot of damage costs. This is the case for the forest industry in Canada. More than 200.000 people work in
this industry in rural and remote areas, which need to be evacuated in case of a forest re. In 2017 up to 40%
of the forestry companies in British Columbia had to shut down due to forest res. This decreased lumber
production by 20% and increased the prices of wood, affecting many more sectors. [2]

The tourism sector will also be affected by forest res, as itis less attractive to go on vacation near a forest re.
This results in fewer people going to that area to spend their money, making it even harder for local businesses
to recover from the economic forest re damage. If the VTOL re ghting aircraft is ef cient in extinguishing
and controlling forest res, urban areas will be protected and the economic impact on businesses in the area
of the wild re will be minimised.

4.2. Emissions of Forest Fires and Fire ghting Fleets

The environmental impact also has an impact on the emissions caused by forest res. Forest res are massive
emitters and every year they cause gigatonnes of carbon emission “. In Figure 4.1 a graph is shown of the yearly
carbon emissions caused by forest res. In that image, it can be seen that in 2023 about 2200 megatonnes
(Mt) of carbon have been emitted by forest res worldwide. To put this into comparison, the whole aviation
industry, including all commercial and cargo ights, has emitted 800 Mt of carbon in 2021 [3]. Worldwide
emission due to forest res in 2021, was about 1800 Mt of carbon. This means forest res produced more
than double the emissions of the aviation industry.

Figure 4.1: Yearly worldwide carbon emissions caused by forest res?.

However, the only part of the aviation sector that directly affects forest res, is the re ghting aircraft. If you
want to take into account the impact of re ghting aircraft on forest res, the emissions of the two should
also be compared to each other.

S. Alvarez used a compound method to determine the emissions of a Spanish re ghting eet. The Spanish
re ghting eet, consisting of 20 helitankers, would have emitted a total of 5497 tonnes of carbon [4] in 2012.

To have a fair comparison, this number should be compared to the forest re emissions of the region where
these helitankers have operated, Spain. March 2012 was the peak of the forest re season in Spain with a

4Link [cited on 17-06-2024]
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total of 0,38 Mt of carbon emitted [5]. Meaning forest res already emitted 69 times more carbon than the
re ghting eet when taking into account only one month of the year. When assuming the re ghting eet

of 20 helitankers only operates in a smaller region, the province of Asturias in Spain, forest res still emit a lot
more carbon than the re ghting eet. In March 2012 a total of 0,08 Mt of carbon was emitted in Asturias [5].
Meaning the forest res still emit 14 times more carbon than the re ghting eet. As said in Subsection 4.1.1
forest res are natural, so not all of these emissions can be prevented by aerial re ghters. However, it still
is important to control the res to prevent unnecessary spreading or burning of civilised areas. This way the
emissions can still be minimised.

Ontop of this, multiple studies have found that climate change does have animpact on wild re season length,
wild re frequency and total burned area  ®. With this change, more re ghting aircraft are necessary to ght
wild res. However, operationally it is dif cult and expensive to increase the re ghting eet as more pilots,
storage space and maintenance are needed. That is why a new type of re ghting aircraft is needed to more
ef ciently control the wild res.

4.3. Sustainability Development Strategy

From Section 4.2 it can be concluded that forest res emit a lot more carbon than re ghting eets. This
means that when re ghting eets are effective in extinguishing forest res, a lot of emissions can be pre-
vented. However, this also means that low-performing re ghting aircraft indirectly cause a lot of emissions
by not extinguishing res effectively. In order to have the most sustainable design, a balance should be found
between a high-performing aircraft, which prevents forest re emissions, and a sustainable aircraft, which
prevents aircraft emissions. With a good balance, the overall sustainability and the impact it makes on the
environment is as low as possible. As the forest res produce signi cantly more emissions than the aircraft
itself, the decision is made to make a performance-focused aircraft. This will prevent the most emissions that
an aerial re ghter has an impact on. The forest re emissions are signi cantly more than the emissions of
an aerial re ghter, thus it is important to prioritise these emissions for a sustainable design. Meaning that
a high-performance aircraft can prevent more emissions than a high-sustainable aircraft. However, it is im-
portant to prevent emissions from the aircraft itself as much as possible by making sustainable choices for
parts that do not have a large effect on performance, such as material choice. Based on these reasons a design
philosophy has been set up:

As forest res are massive emitters, the aircraft should be designed sustainably on the condition that per-
formance is not affected.

This design philosophy should be adhered to but is not a strict requirement. Exceptions can be made if
there is good reasoning for it. To create a sustainable, but high-performance design, one is required to look
at multiple parameters. These parameters should be assessed and it should be determined how much they
affect the performance of the design. If performance is highly affected, that parameter should be designed
for high performance. However, it is acceptable if small sacri ces should be made on performance for a very
sustainable aircraft. For example, choosing a battery-powered aircraft over a propulsive-powered aircraft, is
probably a big loss for performance, as batteries are very heavy and it is dif cult to design long-range battery-
powered aircraft with the current technology. However, when choosing propulsive aircraft, a sustainable
aviation fuel (SAF) could be used to prevent emissions, but still have high performance. Based on the design
philosophy, a policy has been created. When using this policy, the following questions should be answered in
order to make a sustainable design choice:

* How does this design choice impact performance?
« How does this design choice impact sustainability?
» Does performance signi cantly decrease with a more sustainable design choice?

When the rst two questions are answered, the impact of that design choice on the environment and per-
formance is known. With the knowledge of the rst two questions, the nal question can be answered. If
the answer to this question is 'yes' then performance should be prioritised for that speci ¢ design choice. If
the answer is 'no, the most sustainable design choice should be made. Parameters to take into account for
the impact on performance are rst response times and turnaround times. Sustainability parameters to be
taken into account are manufactural & operational emissions and recyclability. By answering these questions
during the design process, sustainability will be taken into account by nding a balance between aircraft per-
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formance and aircraft sustainability. This way the aircraft will have a positive impact on the environment
as it prevents emissions from forest res. Application of this strategy will be done in the next section and in
Section 6.1and 7.6.

4.4. Impact of the FireFly

Contributor / Author: Nino, Caitlin

Next to the impact of wild res, it is also important to look at the impact FireFly has on its environment. The
effect on manufacturing, engine selection and operational ef ciency will be further explained.

4.4.1. Manufacturing

The manufacturing method of the aircraft should re ect the sustainability desired for the mission. The man-
ufacturing method should employ 'lean manufacturing’ This would minimise waste during production and
manufacturing, in return also reducing emissions.

Lean manufacturing is taken into account in the design choices. For example in the aerodynamics of the
aircraft. As will be explained in Section 7.6, the FireFly has identical wings with no taper, sweep or dihedral.
This simpli es the manufacturing process, as fewer different types of parts need to be produced. Resulting in
a faster manufacturing process and reduced emissions.

Compared to the air tractor AT-802F, the FireFly has more than twice the payload capacity 6. Having one Fire-
Fly aircraft would replace the need for approximately three air tractors. The material used by the air tractors
emits approximately 7.3 kg of CO , per kilogram of material produced for the aircraft (using material AL2024
T3), whereas the FireFly produces 8.78 kg of CO ;, per kilogram of AL2195 T8. Since the re y uses a lighter ma-
terial and has approximately the dimensions of two air tractors, producing one re y would approximately
equal the same amount of CO ; as two air tractors. In conclusion, producing one FireFly instead of three air
tractors would save approximately one-third of the CO , needed in order to maintain the same re retardant
capacity.

The material chosen for the FireFly takes recycling into account. A large part of the aircraft is made of AL2195,
which has a recycling possibility. Composites were largely avoided in the material choice, such that the car-
bon footprint in production would be minimised, and additionally, composites are often not reusable. The
recyclability of the aircraft indicates that at the end of life, most material resources can be repurposed and
used for other projects.

4.4.2. Engine Selection

Three types of engines are considered for the FireFly. Namely, battery-powered, hydrogen-powered and SAF-
powered engines. This subsection will go more into detail about how the choice of a propulsive engine is
made concerning sustainability.

Turnaround at Base

Fire ghting aircraft also need to refuel at some point. For the engine selection, this is important to take

into account. Fires can spread up to 23 kph, meaning a quick turnaround time is essential . With regards
to the refuelling/recharging time, batteries are unfeasible. The reason is that batteries need a lot of time to
charge up. During this recharging time, the wild re will spread further. The longer recharging takes, the more

dif cult it will become to control the re. In the case of hydrogen and SAF, these are still applicable as the
turnaround time would be approximately the same and the aircraft can be refuelled a lot quicker.

Another aspect to look into with refuelling/recharging, is the infrastructure of the fuel type. For SAF engines,
there are a lot of refuelling stations around the world. However, for hydrogen- and battery-powered aircraft,
the infrastructure is almost non-existent. Let alone having these types of re lling stations in the deep forests
where wild res could occur and FireFly could be stored. It will be dif cult and would cause a lot of emissions

if these need to be acquired especially for the FireFly. It will also be more dif cult to quickly deploy an aircraft
in areas without the infrastructure for hydrogen or battery infrastructure. Whereas a SAF-powered aircraft
can be refuelled at almost any airport in the world.

Speci ¢ Energy and Energy Density
The mass of the individual propulsion systems varies immensely. Even though hydrogen is very energy dense

6Link [cited on 24-06-2024]
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(33.333Wh/kg) 8, it requires more in terms of volume when compared to SAF. When using hydrogen, the
fuel tanks would have to be increased in volume by approximately four times as much to contain the hydro-
gen required. In the case of batteries, it is the least energy-dense method considered with only 110 Wh/kg
Therefore a battery with a large capacity is required, which consequently will have a lot of mass. It was deter-
mined that 1080000 kg of battery would be required to make the aircraft function. In conclusion, the more
sustainable options for the propulsion system are simply not feasible for the mission of this project. The
difference in fuel volume and wet fuel system mass of the propulsion systems are shown in Figure 4.2.

9

Figure 4.2: Fuel volume and wet fuel system mass comparison

Reliability

The reliability of the different systems differs. The SAF systems have been tested and used since the 1930s
with kerosene and have been continuously developed and iterated since then. Systems such as hydrogen and
electrical power are still in extensive testing phases and are not widely used in the aviation industry.

Moreover, hydrogen fuel is extremely reactive and the mission of the FireFly is to extinguish res. Normal
aircraft which use hydrogen y at high altitude where temperatures are low. FireFly will y at low altitude
with very high temperatures caused by the re. If the tank warms up too much or there is a tank failure at
any point during a mission, a large explosive reaction could take place, consequently increasing the severity
of the wild re. If such failure occurs, this could be catastrophic for the aircraft, the people and the environ-
ment.

In conclusion, the SAF system is most applicable to the re ghting mission in terms of turnaround time,
mass, volume and reliability.

4.4.3. Operational Ef ciency

To get a better grasp on the impact of the FireFly, it is also important to compare the operational ef ciency
of the aircraft. The FireFly has versatile payload con gurations. Meaning it can carry a variety of con gu-
rations of water, medical equipment, re ghting crew or equipment for something unrelated to re ghting.
Because of this, the FireFly is not only a re ghting aircraft but is a multi-role aircraft. FireFly can next to
re ghting, also be deployed for roles such as search & rescue, supply drops and humanitarian aid. The
multi-role function results in airbases needing a smaller eet of aircraft. No separate aircraft are needed for
rescuing humans and dropping retardant, as the FireFly could rst drop retardant and afterwards pick up hu-
mans from the ground at any location. This will also reduce the number of pilots or increase the operational
ef ciency signi cantly if multiple FireFlys are used.

8Link [cited on 25-06-2024]
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5] Operations & Logistics

To analyse the tasks that the aircraft has to perform for a successful mission, the operations and logistics
aspects are explored in this chapter. First, the mission pro le is created to analyse the capabilities that the
aircraft has to successfully accomplish concerning the multi-role design of the FireFly aircraft. Furthermore,
the operational and logistic concept is established to determine the relations between all parties involved in
the operations of the FireFly aircraft.

5.1. Mission Pro le

Contributor / Author: Ishan

The purpose of creating a mission pro le diagram is to understand certain characteristics which the aircraft
must be capable of and implement these in the design stage. The particularity of FireFly is its multi-role ca-
pability. This aircraft is capable of ful lling a wide range of missions. Figure 5.1 aims at showing the standard
ight pro le, but also the mission speci ¢ pro les.

Figure 5.1: Mission pro le for multi-role re ghting operations.

Some important conclusions can be made from such a pro le, concerning the design considerations of the
aircraft. Firstly, the aircraft must be able to ful | certain performance requirements. It must be able to climb
comfortably, either by hovering, tilting the rotors or in conventional ight mode. Additionally, it must also be
able to drop the water/retardant at low speeds in and around 110-150 knots . These performance require-
ments are further elaborated on in Section 7.7. Secondly, another massive takeaway is the fact that the aircraft
ies at very low altitudes for extended periods of time: during water re lling, drops, evacuation and re moni-
toring. This means it is important to provide situational awareness to the pilot through different means: high
cockpit visibility, large cockpit displays, night vision capability or air traf ¢ alerting systems. These design
choices are later discussed in Chapter 8. Lastly, the aircraft must be capable of off-airport operations. This
means considerations with landing gear must be taken. The wheels must sustain the static load of the aircraft
while not sinking on soft ground. This is elaborated on in Table 8.1.

5.2. Operational & Logistic Concept Description
Contributors/Authors: Ishan, Thijs

During re ghting operations, no standard mission pro le can be set up. Different agencies, governments
and companies all operate under different conditions and procedures. By looking at a certain case, a good
general impression can be given of how the design might function within an aerial re ghting operation in
any region. For this analysis, a look is taken at aerial re ghting operations in the US [6][7][8]. The hier-
archical structure in US operations is well-documented and thorough thus providing good insight into the
possible operations and logistics of the design.

1Link [cited on 25-06-2024]
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5.2.1. Operation Parties

As previously mentioned, during a re ghting operation, there is no standard mission pro le, as each re is
different and involves different strategies and tactics to ght it. Nevertheless, each operation usually has the
same involved parties, each having a speci c¢ role and contributing to the mission's success. A complete list
of these roles and their descriptions are shown below [6].

e Command
— Ground Supervisor
The ground supervisor manages the overall re ghting operation by supervising both aerial and
ground-based re ghters. They also keep an overview of the re and weather situation at all times.
— Air Tactical Group Supervisor
The ATGS manages the complete aerial re ghting operation from the air in cooperation with the
ground supervisor. They are in the Air Attack Aircraft (AAA) and have a complete overview of the
aerial tactical situation and directly update the ground supervisor frequently.
« Ground logistics & operations
— Main Base Ground Handling
This team works on the main base and handles all re ghting aircraft by marshalling them, pro-
viding fuel & retardant, performing pre- ight checks and transporting & loading any payload.
They communicate with the pilots of the aircraft, the ground supervisor and the Air Traf ¢ Control
(ATC).
— Maintenance crew
This crew maintains the systems and airframe of the aerial re ghting aircraft on the main base
between missions.
— Remote / Mobile Handling
These teams can be deployed close to the mission area, where they are able to refuel and re Il the
aircraft, as well as aid in loading/unloading.
« Air Traf ¢ Control
— Main Base Air Traf ¢ Control (MATC)
MATC consists of air traf ¢ controllers who manage the airspace surrounding- and including the
main base. They are the contact point for the AFF pilots for ground operations, take-off and land-

ing.

— Centre Air Traf ¢ Control (CATC)
CATC consists of air traf ¢ controllers who manage area control centres (ACC), which include the
mission area.

« Fire ghting in mission area

— AAA Pilot
The AAA pilot is the person who ies the AAA with the ATGS init. They y a circular pattern over
the mission area and keep in contact with ATC.

— AFFA pilots

(Very) Large Air Tanker ((V)LAT) pilots

These pilots y (V)LATs and drop their load in (usually) long lines to create a rebreak at the
instruction of the ATGS and ground commander. They also remain in close contact with ATC
since after a drop they must return to base.

Scooper aircraft pilots

These pilots y rotorcraft or scooper planes. These aircraft are capable of re lling using bod-
ies of water and thus remain in the mission area for longer. They are in close contact with the
ATGS and the ground commander as well as ATC.

FireFly pilots

These pilots y the quad tiltrotor and are able to remain in the mission area for longer much
like the aforementioned scooper pilots. They are also able to land on unpaved landing areas
to be refuelled by the remote handling unit. They are in contact with the ATGS and ground
command to decide on the drop areas.

Lead Aircraft (LA) pilots

The LA pilots guide (V)LAT pilots to the drop zone as instructed by the ATGS. They lead the
larger aircraft around the terrain and indicate the drop zone. They remain in contact with the
(V)LAT pilots, the ATGS and ATC to keep a safe mission area.

— Ground crew This group of people ght the re from the ground. They keep in contact with the
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ATGS and ground commander providing vital information for the AFF operation.
« Passengers (PAX)
The passengers board the aircraft on base or in the mission area. They can be in the form of regular
passengers, smokejumpers, evacuees or regular ground personnel.

5.2.2. De nition of Operational Phases

In terms of logistics and operations, it was decided to split an aerial re ghting operation into 6 phases: main
base, cruise, re, water pickup, air exchange and ground exchange. Within each stage, each of the involved
parties plays a role and interacts with each other. It is important to note that some parties may play a role in
multiple stages. Figure 5.2 shows the implication of users in all the phases.

Figure 5.2: Overview of all involved parties within the different stages of aerial re ghting.

A description of each stage and its main role is described below. Additionally, precise interactions between
the users can be identi ed for each phase, shown in Figure 5.4. It is important to de ne what the interactions
mean. The arrows represent one-way or two-way communication.

* Main Base
The main base is the base from which the aircraft operates while ghting a re. The main operator
in Figure 5.4a is the ground supervisor. They interact directly with the AFFA as they are the ones who
scramble aircraft and coordinate the aerial mission once a re is declared. The maintenance crew di-
rectly report to the ground supervisor to let them know what aircraft are available or grounded. The
cargo and PAX are also managed by the ground supervisor based on the needs arising from ghting
the re. The main base ground handling also reports to the ground supervisor to update them on the
progress of aircraft readiness on the ground. Lastly, main base ground handling is also in direct contact
with local ATC which itself is in direct contact with the AFFA.

* Cruise
The cruise phase is where the main purpose of the aircraft is to transition from the main base to the
mission site. This also includes loitering between a water pickup and a drop or the other way around.
During the cruise phase, as can be seen from Figure 5.4b the ground supervisor is mainly in contact with
the ATGS. The ground supervisor is in one-way contact with AFFA too. The ATGS manages the LA which
itself manages the AFFA. The centre ATC constantly oversees the civilian airspace by communicating
with the AAA, LA and AFFA.

* Fire
The re phase is the phase where the retardant drop is prepared and executed, including a short ap-
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proach to the drop zone and the drop itself. During the re phase shown in Figure 5.4c, the main
involved party managing the operation is the ATGS. They are constantly aware of the location of all
AFFA, and communicate this to the LA. The LA also leads the AFFA onto the drop zone. Lastly, the LA
and AFFA communicate and coordinate the status of the drops with the ground re ghting crew.

« Water Pickup
The water pickup phase consists of loading the tanks with water, using the snorkel. In the water pickup
phase, all involved parties interact with the body of water, as seen on Figure 5.4d. The AFFA interacts
with it, as it picks up the water. The ground supervisor decides which bodies of water are adequate
for pickup, and thus which bodies of water will be used to collect water. The ATGS is informed by the
ground supervisor on which bodies of water can be used. They can then decide which AFFA collects
water from what source, and direct the AFFA to that body of water.

< Air Exchange
The air exchange is simply an exchange of cargo or people while staying in the air and not touching
down. For example, smoke jumpers can be dropped on a speci ¢ zone, a rescue team can be hoisted
down, evacuees can be hoisted up or supplies to ground re ghting crew can be dropped. In the air
exchange phase, everything is centred around the payload; this payload consists of passengers, cargo
or both, displayed on Figure 5.4e. The payload can both be loaded in the AFFA (with a winch) and
unloaded from the AFFA (either with a winch or parachutes). The loading happens in the hover/drop
zone, which is a zone assigned by the ground supervisor in agreement with the ground re ghting crew.
The ground supervisor also decides what payload needs to be transported, and communicates this to
the AFFA, which then ies to the hover/drop zone.

» Ground Exchange
The ground exchange phase is the phase where the aircraft lands outside the base and for a different
purpose than picking up water. This can happen if re crews have to be relocated, if civilians need to
be evacuated or if some equipment is needed near the re. During a ground exchange, the aircraft can
also be refuelled or re lled with retardant (additives). In the ground exchange, many interactions are
the same as in the air exchange, with some adjustments, as shown in Figure 5.4f. These include the
change from the hover/drop zone to the landing zone, which then also removes the need for a winch or
parachute. An additional element is introduced as well, the remote/mobile handling teams. They can
help with loading the cargo, but can also refuel the aircraft and re Il it with retardant (additive).

To help visualise all of these phases and involved parties, a map can be generated with the location and role
of each individual involved in aerial re ghting operations which is shown in Figure 5.3.

Figure 5.3: Map depicting all phases, involved parties and their roles.
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(a) Interactions for the main base phase. (b) Interactions for the cruise phase.
(c) Interactions for the re phase. (d) Interactions for the water pickup phase.
(e) Interactions for the air exchange phase. (f) Interactions for the ground exchange phase.

(g) Legend for the interactions.

Figure 5.4: Breakdown of interactions between involved parties for all phases.

Maintenance
In between these different operational phases, maintenance will need to be performed on the aircraft. More
information on the expected maintenance schedule for the FireFly can be found in Section 11.2.



6 | Materials & Production

The material selection is conducted for certain subsystems where multiple factors such as yield stress, ulti-
mate stress, sustainability, thermal service temperature and more are explored. The chapter ends with the
manufacturing, assembly and integration plan. Where this plan walks through the production steps that will
be taken for signi cant parts and subsystems that are necessary for the development of the FireFly.

6.1. Material Characteristics

Contributors / Authors: Caitlin, Lauren, Jimmy

The material choices for the aircraft are carefully chosen to comply with the requirements and to ensure that
the aircraft can withstand the loads applied during missions. Additionally, the material should be affordable
and durable. There is a strong preference for material that can be recycled and has low carbon emissions
during the lifetime of the material. In the midterm report, three components' materials have already been
chosen for the aircraft. The fuselage and the water tank were decided to be made out of Aluminium 2195. The
propeller blades were decided to be S-grade breglass composite. [9]

Since the fuel tank is decided to be a bladder tank, a corrosion-resistant and exible material must be chosen.
The material chlorosulfonated polyethylene, otherwise known as CSPE, is chosen as a suitable option. The
material includes chlorine which makes it such that it is self-extinguishing in case of re. Additionally, this

material has been used more often in the lining of tanks due to its corrosion resistance against moisture
1

To help the rotor blades maintain their shape and geometry, a honeycomb structure material is placed inside
it. The honeycomb structure in the rotor blades was decided to be Aluminium 5052 honeycomb (0.016), W
direction. It was important for the structure to be light and heat resistant, and this material has a low density
(15.7-16.3 kg/m ) and a melting temperature of 323-386°C.

The material for the wing box was determined using an optimisation algorithm. Nine material options have
been considered as shown below, and the algorithm loops through all of them.

e Aluminium Al2024T851  Titanium Ti-60%Be

e Aluminium AI2195T8 e Carbon Fibre Reinforced Carbon CFRC
e Aluminium AI7068T6511 « Phenolic/E-glass bre

 Stainless Steel AISI304L * Epoxy/S-glass bre

« Titanium Ti6Al4V

Unlike the actual wing model for structural design, the wing structure for material selection is modelled as
a rectangular thin-walled, constant-thickness beam both to save time and because the relative performance
of the materials is more important. The external loads are treated as xed in the optimisation. The only
variables which vary are the material choice and the thickness of the structure. The algorithm loops over
these two variables and calculates the required thickness to satisfy the stiffness and strength constraints. The
geometry which leads to the lowest structural mass is then saved in a csv- le. The speci cs behind calculating
the de ections and the stresses are explained in Section 7.3.

The structural mass and cost for each material are calculated using the algorithm described. The alloys AlI7068
and Al2195 perform the best in terms of mass out of the metals. The three composite materials tend to yield

a lower structural mass, but across the board, they are less sustainable and generally more expensive. As
stated before, there is a strong preference for materials that can be recycled, so only AI7068 and Al2195 shall
be considered in the wing box design process while the other materials are discarded. Al2024 will also be
considered as a baseline because this aluminium alloy is the most prevalent in the aerospace industry 2. These
three materials have been summarised in Table 6.1.

1 ink [cited on 15-06-2024]
2Link [cited on 18-06-2024]
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Table 6.1: The materials which are used in the wing box design.
Ther-
Struc- mal vield Maximum
. tural Structural Costs Density shock Service
Material " . 3 . strength
mass cost[k"] ["/kg] [Mg/m °] resis- [MPa] Temperature
[Mg] tance [°C]
[°C]
Aluminium 3.01-
alloy 2024 0.84 3.0 403 2.75-2.78 | 217-245 386-427 170-200
Aluminium 19.1-
alloy 2195 0.66 13.6 291 2.71 221-265 538-560 145-255
Aluminium 5.64-
alloy 7068 0.52 3.4 76 2.85 378-444 648-756 80-100

From the data in Table 6.1 alone, there are merits in using either Al2195 or Al7068. The former has a much
higher maximum service temperature, but the latter is much cheaper and slightly lighter. To come to a se-
lection, one would have to investigate other material properties. Especially relevant to the mission are the
fatigue properties of the materials, so the next step in material selection is investigating the fatigue perfor-

mance of the three materials.

Fatigue Analysis
Contributor / Author: Lauren

The fatigue analysis was considered for AL 2195-T8, AL 7086-T6511 and AL 2024-T851 to determine how
fatigue affects the performance of the material after N cycles. The resulting stress amplitude for N cycles for

a desired loading case was then taken to size for the thickness of the wing box.

Firstly, a desired number of cycles was established. The expected amount of drops per year was taken as
a metric to determine this number of cycles. As the FireFly is expected to be in operation for a maximum
of 200 hrs a year performing approximately 10 drops/hour, it is expected that the FireFly will experience
2000cycles. Therefore, the aircraft was designed for 10years of operation without the need for mainte-

nance.

The stress amplitude was determined by looking at the expected extreme loading cases during a drop. A
conservative estimate of 3.25gand j 1 gwas taken as a maximum and minimum loading on the aircraft. As the
fatigue analysis is a function of this stress amplitude, it is an iterative process. The relationship between stress

at a zero mean stress and load cycles is described using Basquin's equation as seen in Equation 6.1.

To establish the relationship between stress and fatigue cycles, the zero mean stress at zero cycles and the zero
mean endurance stress at 107 cycles had to be known. For the rst iteration, the yield stress of the material
was taken to be the stress experienced at 3.25g for the design component such as the wing or the fuselage. The

minimum thickness was then calculated for the part and the stress at

i 1gwas determined. Using Goodman's

Rule to correct for the mean stress, the stress amplitude for 20000 cycles could be determined 2. The Goodman

method postulates that positive mean stress furthers fatigue degradation, which is why the allowable stress
amplitude must be corrected for this non-zero mean stress. Iterating until convergence, the design stress

amplitude could be determined to size for the minimum thickness of the wing box.

YK OGN AC (6.1)

(6.2)

Where S; is the zero-mean stress amplitude in MPa, Kk is the constant exponent, N is the fatigue life in cycles
and C is a constant. where S¢ is the corrected stress amplitude in MPa, S 1, is the mean stress in MPa, Sy is the

ultimate stress in MPa.

SLink [cited on 19-06-2024]
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The resulting relationships can be plotted as a straight line on a log-log graph to determine the desired
stress amplitude for 20000 drop cycles. The results of this analysis for the wing box will be discussed in Sec-
tion 7.3.

Crack Propagation

Contributor / Author: Caitlin

From the fatigue analysis, the crack propagation properties and the effect of cyclical loading on the remaining
useful life can be investigated.

The crack propagation properties can be analysed with the help of the Paris Law [10]. The Paris Law shows
what the crack propagation is per cyclic loading. The slope of the curve can be calculated using Equa-

tion 6.3. q
C
— EACK™M 6.3
aN (6.3)

Where é‘—,f‘ is the slope of the curve, A and m are constants that are experimentally determined and ¢K is the
difference in fracture toughness. Since the constant m could not be determined for the speci c aircraft being

designed, approximate values were used. Since the constant m is often between 2-4, it was taken to be equal
to 3. For the constant A, this value changed for every material and was determined with Equation 6.4.

Tl 1
1 C C
E— ° LA (6.4)
Nf (¢ Keff,O) (¢ Keff,cr)

Where N; is the number of cycles until the critical crack length is reached in the material, Co is the initial
crack length and c, is the critical crack length. Term ¢ K o is the fracture toughness corresponding to the
initial crack length  co, and likewise, ¢ Kt ¢ corresponds to the fracture toughness of the critical crack length.
All values were determined using the material properties as found in Granta 4. The initial crack length was set
to 1 mm as this crack can be detected with the naked eye. The number of cycles desired was determined to
be 20000 as mentioned in the fatigue analysis. The crack length ¢; was calculated using Equation 6.5.

CK /¢ 3/4p VL (6.5)
In this equation, ¢ %ais determined from the stress analysis in Section 7.3, and ¢ K was taken from the material
properties of each respective material. The results of this analysis are discussed in Section 7.3.

Recyclability
Contributors: Caitlin, Lauren, Jimmy, Nino
Author: Nino

Recyclability also needs to be taken into account with respect to the sustainable development strategy. Prefer-
ably most of the used material in the FireFly would be recyclable. However, it needs to be looked at if recy-
clability affects the performance of the aircraft. To do so, different parts of the aircraft need to be analysed.
The fuselage, water tank, wing box and other structural components can be made of an aluminium alloy.
This would still provide enough strength and stiffness, thus not compromising on performance, while being

a sustainable product. Parts that will be more dif cult to recycle are the fuel bladder tank and the outer layer

of the rotor blade. These parts are exposed to corrosive materials or need to endure high stresses. If these
parts were made of recyclable materials, the fuel tank and rotors could fail or decrease in performance. This
is not wanted. However, the parts that will be made of aluminium are a big part of the aircraft. This means
that most parts of the aircraft will be recyclable.

Chosen Material Characteristics

Contributor / Author: Caitlin

To provide an easily accessible overview of all materials used in the aircraft, all relevant material properties
are presented in Table 6.2

4Link [cited on 12-06-2024]
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Table 6.2: The materials used in the aircraft design.
. . Maximum Fracture
. Location of Costs Density Ultimate Yield Service Tough- Recy-
Material . . 3 strength strength
material ["/kg] [kg/m °] [MPa] [MPa] Tempera- ness clable?
ture [ °C] [MPam 9]
Alu- Fuselage, 191-
minium water tank, : 2710 221-265 538-560 145-255 30-37.5 Yes
. 22.1
alloy 2195 wing box
Alu-
. Rotor blade : )
minium ) 15.7- 2.55010 3- | 2.1910 3-
5052 hon- nner 262 | 718315 o003 | 1armois | 130200 - ves
structure
eycomb
EP/S-— | Rotorblade |15 5 59 | 1840-1970 | 1700-1760 | 1700-1760 |  140-220 77.6- No
glass outer layer 94.9
Fuel 0.167-
CSPE bladder 4.37-4.4 | 1070-1270 | 20.3-31.8 | 20.3-31.8 140-150 0'401 No
tank '

This table was used in other analyses such as the crack propagation and minimum skin thickness determi-
nation. It includes the location of where the material is used, the cost per kg, the density, the ultimate and

yield strength, the maximum service temperature, the fracture toughness, and last but not least the recycling
capability.

6.2. Manufacturing, Assembly and Integration Plan

Contributor / Author: Sven

The Manufacturing, Assembly and Integration (MAI) Plan presents a step-by-step FireFly re ghting aircraft
production roadmap from small parts and subsystems to the fully nished FireFly. The plan includes all sig-
ni cant parts of the aircraft which form sub-assemblies and systems. These are later integrated and installed
to produce the nal FireFly aircraft product. The full MAI plan diagram is found in g. 6.1. The arrows in the
diagram show the sequence of full aircraft production.

The production process starts with the assembly of the three fuselage sections followed by the integration of
four wings and the vertical tail with the elevons and rudder respectively. The nose and main landing gear
are integrated into their respective fuselage section during this part of the assembly to allow the aircraft to
stand freely without additional support. Once the main aircraft structural assembly is done, the integration
of the propulsion system can start. This is done by mounting four engines and nacelles at the tip of each
wing followed by the installation of rotors. The integration of all smaller parts of the rotor assembly can
be started at the same time as the assembly of wings and fuselage sections to ensure it is ready on time for
rotor installation. Simultaneously, the integration of subsystems such as avionics, electronics and hydraulics.
Furthermore, all internal and external equipment such as cockpit seats, winch for lifting and snorkel are
installed at this stage. After all production activities are completed, the aircraft is ready for delivery to the
customer.

Several aircraft features ensure time-ef cient and cost-minimisation production. The most important one

is the fact that both front and rear aft wings are identical eliminating the need to produce different parts
for each wing which reduces the number of part-speci ¢ tools and crew training needed. Furthermore, two
time-consuming production stages are performed simultaneously, namely the integration of the propulsion
system and the integration of the interior and different subsystems saving production time when compared to
the sequential method. Many parts and subsystems of the FireFly are off-the-shelf products, such as avionics,
snorkel pump and engines, which reduces the time and money needed to produce completely new parts and
train the manufacturing crew in doing so. The assembly of the aircraft is expected to last one month, com-
parable to other commercial aircraft. Since the expected production rate is 12 aircraft per year, the assembly
facility is expected to be organised in a xed-position assembly method. Once the aircraft is produced, due
to the large ferry range it can be directly own to the customer. Temporary fuel tanks can be installed in the
cabin to extend the delivery range or the ight can be done with one or more refuelling stopovers.
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Considering the ongoing dynamic geopolitical and economic situation that the world is facing and which is
expected to continue into the coming years, the production of the FireFly will as much as possible make use
of materials and parts originating from Western world countries such as the United States, Australia or the
European Union. This was already implemented with the choice of subsystems as parts such as engines and
avionics, both coming from the United States. In the later stage of the design and production planning it
would be bene cial to consider backup options for externally sourced parts and materials to prevent long-
term production suspension of the FireFly in case of unexpected events such as major supply chain issues or
bankruptcy concerning the primary suppliers.

Figure 6.1: Manufacturing, assembly and integration plan diagram.



7 | Aircraft Characteristics

This chapter goes through the detailed design of the FireFly. The mass of the aircraft is updated by means of
a Class Il weight estimation. Additionally, the aerodynamics, propulsion, structures, stability & controls and
performance are optimised to meet all relevant subsystem requirements to ensure mission success.

7.1. Initial Weight Budget

Contributors: Lauren, Bob, Johannes, Nino . Authors: Lauren

The initial weight estimation was performed using the weight estimation method proposed by Roskam [11].
This method made use of an initial estimation for the MTOW and payload weight. From this initial guess and
a design range, the fuel weight could be determined by making use of the Breguet range equation. Additional
statistical relations were then used to iterate the masses until convergence. The resulting mass estimations
are shown in Table 7.1 [12].

Table 7.1: Class | weight estimations.

Parameter Mass [kg]
MTOW 30000
Empty weight 15300
Fuel weight 9700
Payload weight 14000

7.2. Class Il Weight Estimation

Contributor / Author: Lauren

The Class Il weight estimation was conducted using the Roskam method [13]. Similarly as in Section 7.1,
the FireFly was chosen to be in the military patrol, bombers & transport category due to its uctuation in
load cases during its mission. The Class Il weight estimation was done using a combination of United States
Air Force (USAF), United States Navy (USN), General Dynamic (GD) and Torenbeek standard Class Il weight
estimation methods. When the FireFly could be categorised under more than one of these standard methods,
the average was taken between them as it would produce a more accurate result [13][pg. 29].

To begin the weight estimation, the weight estimate from the Class | weight estimation was used. This
was 30000 kg. Other weight estimates which were used but were not iterated upon were the payload mass
14000 kg and the fuel mass of 9700 kg.

Furthermore, the weight estimation can be split up into four categories, namely: the fuel, engine, wing and
fuselage groups. Each subsystem contains multiple subsystems and certain assumptions have been made
for each. The combination of these groups plus the payload gives an initial estimate of the MTOW. Iterating
the MTOW until a convergence of 0.5% occurs results in a new, more re ned estimate for the MTOW. The
convergence of 0.5% is standard practice [13][pg. 30]. Moreover, a more accurate estimation of the OEW can
also be estimated by summing all the aircrafts components bar its fuel and payload.

Fuel System (FUE)

For the fuel system weight estimation, the mass of the fuel was used to size the fuel tank system. However, the
aircraft is assumed to carry full payload and thus the mass of the fuel is not incorporated into the fuel system
weight estimate. Section 7.7 describes the breakdown of relative mass between fuel and payload mass. For the
tank system, it was assumed that the aircraft would have a sealant bladder bag to protect the tank from wear
and tear. In terms of the fuel, it was assumed that the wing could accommodate the fuel and that kerosene
would be used. The resulting weight estimation for the fuel system can be seen in Table 7.2.

19
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Engine System (ENG)

The engine system weight estimation consists of the following components: nacelle, propeller, engine con-
trols, engine starting system, propeller controls and the oil system & cooler. As mentioned in Section 7.4, an
AE1107F turbo-shaft engine is chosen as the engine of choice for the FireFly. However, for the Class Il weight
estimation (using the Roskam method), it was assumed that a turboprop engine would be used as the only
options available for the weight estimation were piston and turboprop engines. Furthermore, it was assumed
that the propulsion system has beta controls in order to have more controllability and the water injection
system sizing was neglected as the AE1107F does not make use of it.

Animportant factor to take into account is that the engine system was sized according to the maximum power
needed at take-off. However, the statistical relationships derived from Roskam are for conventional take-off
only [13]. The FireFly has a relationship between the surface area of the wings and the lift generation of the
power plant for take-off as the wings will generate drag. Thus, the lack of lift generation from the wings during
take-off has not been taken into account for the engine system weight estimation and thus the resulting mass
may not be accurate. It is expected that larger props will be needed to account for this and consequently will
result in a larger engine system mass.

Moreover, the resulting engine system mass estimation including all the aforementioned subsystems can be
seen in Table 7.2.

Wing System (WIN)

The wing system consists of the front and rear wings only. However, one signi cant assumption is that the
rear wing's mass was estimated by stating that the rear wing acts as a wing and not as a horizontal tail. Using
the initial sizing of the wing as mentioned in Subsection 7.6.1, the mass of the main and rear wings could be
estimated.

This weight includes the weight of normal high lift devices, the effect of having two wing-mounted engines
and the landing gear will not be stored in the wings. The added mass due to the presence of speed brakes,
spoilers and Fowler aps were neglected for now. This weight estimation will be revisited if these systems
are incorporated into the design. Moreover, the mass estimated for the main and rear wings are seen in
Table 7.2

Fuselage System (FUS)

The fuselage system consists of multiple subsystems, namely: the fuselage structure, landing gear, ight con-
trol system, avionics, electrical systems, air conditioning & deicing, oxygen, APU, furnishing, auxiliary power,
paint, pneumatic system and the total payload of 14000kg. The APU and paint weights were taken as the
average weight for military transporters as an initial estimate and for the hydraulics system, a conservative
estimate was taken to take into account the complexity of the systems onboard. Contingency was set at 20%
due to the preliminary stage of the design and also according to the contingency set for the preliminary design
in the [14].

Table 7.2: System weight estimations.

Systemgroup | Subsystem | Mass[kg] | Contingency
FUE Fuel tank 1428 20%
ENG Engines 6262 20%
i 0,

WIN Front wmg 1006 20%

Rear wing 1006 20%
FUS Fuselage 11412 20%
OEW Sum | 21164 | 20% |

Operational Empty Weight & Maximum Take-off Weight

From the previous system weight estimations, the operational empty weight (OEW) and the maximum take-
off weight (MTOW) can be estimated. The OEW was calculated by summing all four previously aforemen-
tioned subsystem weights and subtracting the payload mass of 14000 kg. The MTOW includes the total pay-
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load with no fuel. The nal results of the Class Il weight estimation and the comparison with the Class |
estimation values can be found in Table 7.3.

Table 7.3: MTOW & OEW weight estimation.

Class I Class |
Subsystem | Mass [kg] | Subsystem | Mass [kg] | Difference
MTOW 35160 MTOW 30000 +17.2%
OEW 21164 OEW 15300 +38.3%
Payload 14000 Payload 14000 -
Fuel 9700 Fuel 9700 -

The MTOW and OEW have increased considerably. This increase is mainly due to the more accurate estima-
tion of the empty airframe. In the class | estimation, reference tilt rotors were used. Most of these tilt rotors
however, only feature two rotors which allow for a much smaller fuselage. This likely resulted in an underes-
timation of the empty weight. This new estimate for the OEW and MTOW was used to get a more accurate
estimate for the aerodynamic, propulsive, stability & control and structural analyses.

7.3. Structural Characteristics

Contributors / Authors: Lauren, Caitlin, Jimmy

To ensure that the aircraft structure adheres to the requirements set by the client and the team, the relevant
requirements are listed in Table 7.4.

Table 7.4: Structural subsystem requirements.

Identi er Parent Subsystem Requirements

QTR-STR-01 | FTF-SYS-FDS-05.15 /| The airframe should be designed to withstand loads of -1 to +3.25
FTF-SYS-REG-02.8 /| g.

FTF-SYS-REG-02.9
QTR-STR-02 | FTF-SYS-REG-01.9 The fuselage shall be equipped with emergency exit doors on both
sides of the fuselage.

QTR-STR-03 | FTF-SYS-FDS-07.1 The windshield shall include an anti-icing system.

QTR-STR-04 | FTF-SYS-FDS-07.2 All structural components shall be made from salt water
corrosion-resistant materials.

QTR-STR-05 | FTF-SYS-FDS-07.2 All exposed metallic surfaces shall have applied protective coating
from corrosion.

QTR-STR-06 | FTF-SYS-REG-01.13 /| The structure shall withstand limit loads without permanent de-
FTF-SYS-REG-02.8 /| formation.

FTF-SYS-REG-02.9
QTR-STR-07 | FTF-SYS-REG-01.13 /| The structure shall be able to support ultimate loads without fail-
FTF-SYS-REG-02.8 /| ure for at least 3 seconds.

FTF-SYS-REG-02.9
QTR-STR-08 | FTF-SYS-REG-02.2 All material shall be able to withstand 30 sec of ight in 180 de-
grees.

QTR-STR-09 | FTF-SYS-REG-01.7 The cockpit windows shall allow an unobstructed primary eld of
view to both pilots in accordance with CS25 requirements.

QTR-STR-11 | FTF-SYS-PIL-04.2 The aircraft shall be equipped with an emergency exit accessible
from the cockpit.
QTR-STR-12 | FTF-SYS-PIL-04.2 The aircraft shall be equipped with an emergency exit accessible

from the cargo hold.

QTR-STR-13 | FTF-SYS-REG-01.7 The cockpit shall have windows that provide visibility in adher-
ence to CS 29.773.

QTR-STR-14 | FTF-SYS-PIL-01.1 Seats in the aircraft shall ta person with a height of 188 cm.

Continued on next page
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Table 7.4 — continued from previous page

Identi er Parent Subsystem Requirements

QTR-STR-16 | FTF-SYS-SUP-01.1 The aircraft shall be fully operational during ight in cruise in
weather conditions between j 36 degrees Celsius and 50 degrees
Celsius.

The structural design aims to ensure that the structure can withstand all extreme load cases throughout all
phases of the mission. The structural analysis ensures that all aforementioned requirements have been met.
Three cases will be investigated. These are the thermal loads, the wing loading and the response of the struc-
ture to dropping payload in hover.

Thermal Analysis
Contributors / Authors: Lauren, Caitlin

Firstly, the thermal loads acting on the structure were analysed to see the affect of the external environment
on the structure during a mission in extreme cases. The bottom of the fuselage was identi ed as having the
highest risk of long-term heat exposure when ghting the re. Therefore, it is important to understand if
exposure to high temperatures will cause yield in the material. The underside of the fuselage was assumed
to be a thin plate made of AL2195 that is constrained at all four sides. To analyse the thermal stress due to
expansion, Equation 7.1 was used[15].

F
Z,CEY®¢T (7.1)

In this equation, Y denotes the compressive Young's modulus [GPa], ®is the thermal coef cient[ 1 strain/°C]
and ¢ T is the change in temperature [°C]. Additionally, A is the affected area [m 2], and F is the force due to
thermal stresses [N].

The yield stress of AL2195 is 538 MPa 1. Using Equation 7.1 the temperature difference that would cause
yielding would have to be 332 °C. Itis expected that 180 °C will be the highest temperature experienced above
a re at an altitude of above 40 m during a mission [16][pg. 4]. According to QTR-PYL-09, the cargo bay shall
be heated to 20 °C or below. Therefore, the temperature difference between the ambient air and the skin of
the panel is not expected to exceed this temperature difference.

Furthermore, the thermal shock of AL2195 is between 221 j 265 °CL. Investigating the sudden change in tem-
perature near a re at 40 m altitude shows that the temperature difference will not be higher than the damag-
ing thermal shock temperatures of AL2195-T8.

Additionally, extending this analysis by investigating the heat propagation through a thin plate with the min-
imum thickness obtained in the structural analysis is recommended. This should be done to analyse how
quickly the temperature increases through the plate to determine if a heat sink is necessary. This ties into
technical risk QTRR29which is assessed in Section 11.1.

Fuselage Thickness & Stiffness

Contributors / Authors: Caitlin, Lauren

To analyse the fuselage, some assumptions were necessary to simplify calculations. The assumptions were
made as follows:

e The cross-section of the fuselage is symmetric in the yz and xz plane: the fuselage is designed to be
symmetric.

» AsseeninFigure 7.1 top and bottom of the fuselage are approximated to a semi-circle whilst the middle
section is considered a rectangle: in reality the cross section is a rectangle with rounded corners, so the
approximation is less conservative and some margin will likely have to be considered as a result.

» The walls are thin (t«h): the thickness of the fuselage is much smaller than the height or width of the
panels. Therefore higher order terms of thickness (t') were neglected. This results in a slightly lower
result but the difference is considered negligible.

1 ink [cited on 05-06-2024].
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Figure 7.2: Aircraft approximated as simpli ed beams with the associated axis

Figure 7.1: Fuselage cross section. system.

The thickness was calculated by analysing the maximum stress caused by either bending or shear. The aircraft
was analysed in various situations. Firstly, hover mode was considered as a static case (n=1) with full payload
on board. Secondly, a drop case was considered where the aircraft is analysed just after a drop. The same was
done for a dive manoeuvre where the maximum load factor of 3.25 g was taken into account as this proved to
be the most limiting case.

The coordinate system corresponds to the usual convention of aircraft axis systems, meaning that the x-axis
goes through the nose of the aircraft, the y-axis is positive through the starboard side of the aircraft and the
z-axis points downwards.

The moment around the c.g. was calculated by means of simplifying the fuselage to be a simply supported

beam representing the connection to the wings. The weight of the wings and engines were forces applied

at the end of the fuselage beam and the weight acting at the centre of gravity consisted of the remaining

weight of the aircraft. This was done to analyse the stresses experienced in the fuselage and wing for the two
expected extreme loading cases, namely hovering with full payload and a full spot drop in hover. The loads of

the fuselage were modelled as point loads, as this is a more conservative approximation.

Figure 7.3: The shear and moment diagram of the fuselage.

In Figure 7.3, the 'Front wing' force includes the weight of the wing, the fuel in the wing and the engine group
attached. Additionally, the thrust generated by the propellers in hover mode is taken into account in this
force. The same was done for the 'Rear wing' force. The fuselage group weight consists of the weight of the
fuselage, the fuel and maximum payload.
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The bending stress was then calculated using Equation 7.2, where ¥ais the bending stress in MPa, M is the
moment around the centre of gravity around the y-axis, and z is the maximum distance to the fuselage from
the centre of the cross-section.

Y FE— (7.2)
lyy

From the material selection as described in Chapter 6, AL2195-T8, AL7068 and AL2024 were the most de-
sirable materials moving forward. Therefore, investigating the internal shear and bending moments of the
fuselage for both cases, the minimum thickness of the fuselage was determined.

After the analysis for both cases, it was found that the internal moments when performing a dive with full pay-
load were most limiting for the thickness. The minimum thickness for each material can be seen in Table 7.5
below:

Table 7.5: Minimum thickness of the fuselage for the chosen materials.

Material Yield Stress [MPa] | Minimum thickness [mm]
AL2024 T851 386 1.63
AL2195 T8 538 1.20
AL7068 T6511 648 0.97

Design of the Wing Structure
Contributors / Authors: Jimmy, Lauren
The wing structure is designed following a systematic framework of designing to requirements.

The wing structure has its own set of requirements, which must be met. The strength requirement of the
wing box ows from QTR-STR-01, QTR-STR-06 and QTR-STR-07. The maximum magnitude stress under
the most critical loading condition may not exceed the yield strength of the wing box material. Unique to
the wing structure, there is also a stiffness requirement when it is subjected to the hover load. In hover, the
engines must provide all the lift. Due to the de ection of the wing, the engines are no longer aligned with the
vertical axis which results in a loss of lift. This means that the de ection slope at the tip of the wing, where
the engine is mounted, may not exceed 0.55rad. This is the angle at which the engines at maximum thrust
can still generate enough lifting force.

In this early stage of the design, it is customary to make assumptions which simplify the analysis. This is in
the interest of time because an optimal wing geometry must be synthesised via iterations, so a simpler model
makes the design process faster. This allows for a quicker progression towards detailed design, which is when
the model is re ned. The main assumptions have been listed below.

* WAL: The wing is modelled as an Euler-Bernoulli beam.
* WA2: The wing structure is thin-walled (t « h).
* WAZ3: The shear centre coincides with the centroid.

WAL is a valid assumption as long as the wing is slender. The wing, however, has a low aspect ratio, which
means that the wing is not very slender. This means the effects of shear become less negligible, meaning the
Euler-Bernoulli beam model is not accurate. However, at this stage of the design, the emphasis lies on iden-
tifying feasible structural geometries, so using an Euler-Bernoulli beam model still leads to useful results. In
a further design step, one would have to use a more re ned beam model like a Timoshenko beam. WA2 is the
most justi able assumption, because aerospace structures, especially wing structures, are thin-walled stiff-
ened shell structures. It is only when the required structural wall thickness becomes too large that WA2 is
invalid. However, it should never come to this because stiffeners can be used to reduce the required thick-
ness. WA3 is made to simplify the analysis of shear, butin general, the shear centre does not coincide with the
centroid. Because the wing box is not symmetric in x and z, the shear centre will not coincide with the cen-
troid. That said, the wing box section is not too far from being a rectangle, so it stands to reason that the shear
centre is close to the centroid. In that case, the difference in torque caused by assuming the internal shear
forces act through the centroid may be negligible. A future design step would be to calculate the positions of
the shear centre and analyse its effect on the design.
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The last in uence on the design process is the modelling choices. These do not follow directly from the
structural requirements or the assumptions. Instead, they follow from practical considerations or from other
subsystems. The design choices have been summarised below.

e MCL1: The wing is modelled by the wing box alone.
* MC2: The wing section is constant.

* MC3: The wing box is made from one material.

* MC4: Stiffeners are not modelled.

Modelling the wing by only the wing box vastly speeds up the analysis of the wing structure, and for the same
thicknesses, it is more conservative because the wing box encloses a smaller area than the aerofoil. MC1
allows for modelling the wing section as a single-cell beam, which is signi cantly easier to analyse because
no displacement compatibility equations are necessary. In further design, the wing section will be modelled
so that the whole shape is captured. MC2 follows from the supposition that a constant wing section makes
manufacturing easier. Next to that, there are aerodynamic motivations for keeping the section constant, as
will be apparent from Subsection 7.6.1. MC3 also makes the design and analysis of the wing structure easier.
If the wing section is made from multiple materials, it would require the use of compatibility equations, even

if the wing section is modelled by a single-cell wing box. MC4 is made because the design of stringers is
supposed to be the subject of detailed design. By assuming that the skin and spars only carry the loads, the
required thicknesses are overestimated. However, in a more detailed design phase, the area concentrated in
the skin can be reduced by considering stringers. The anticipated effect of this is that the overall structural
mass will decrease because stiffened skin panels are more ef cient than thick skin panels.

Methodology

The analysis of the wing consists of static and dynamic analysis. The emphasis is placed on analysing the wing
structure subjected to quasi-static loads. The wing box is also sized based on that. The dynamic analysis is
performed on the wing structure to investigate the effect on the fatigue performance of the structure. Buck-
ling and aeroelastic analysis are considered to be outside of the scope of the DSE because of the required level
of detailed design to analyse the structural response. Therefore, the analysis of buckling and aeroelasticity is
left to a more detailed design phase. However, itis recognised that there are risks associated with disregarding
these failure modes. The impact of which usually results in an increase in structural mass. These risks have
beenidentiedas QTRR27 and QTRR28 and will be assessed in Section 11.1.

An overview of the design process of the wing box can be seen in Figure 7.4.
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Figure 7.4: The owchart of the structural optimisation algorithm.

Figure 7.4 is similar to the one for materials selection because the algorithm is effectively the materials op-
timisation algorithm repurposed for the design of a trapezoidal wing box. The biggest differences now are
that the algorithm does not loop through the materials; the user must specify the material, and part of the
strength requirement is also the allowable stress amplitude which comes from the fatigue analysis.

Based on the most critical static loading condition, the de ections and stresses in the wing structure are
calculated. The algorithm optimises the different skin and spar thicknesses for 20000 cycles to minimise the
structural mass while still satisfying the strength and stiffness requirements.

The critical loading condition is identi ed to be hover. In hover, the entire lift force caused by the engine
is concentrated at the wing tip, which causes a larger internal bending moment compared to a distributed
lifting force encountered in the cruise. A free body diagram of this load case is shown in Figure 7.5.

Figure 7.6: The sign conventions of the internal loads in the

Figure 7.5: The free body diagram of the starboard wing in hover. starboard wing.

Figure 7.5 is a free body diagram of the starboard wing when the aircraft is hovering. This means the structure
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is subjected to a distributed load w/, signifying the distributed weight of the wing structure, and a point load
Pe, signifying the force caused by the engine. All loads are assumed positive in the directions they have been
shown in.

Figure 7.6 shows a structural element with exposed internal loads. All loads are shown in their positive direc-
tions.

From the free body diagram of Figure 7.5, the internal loading diagrams for shear, bending moment and
torque can be generated using the sign convention de ned in Figure 7.6. The methodology of generating
these diagrams is taken directly from Aircraft Structures for Engineering Students [17]. The plots of the span-
wise internal shear force distribution, the span-wise internal bending moment distribution and the span-wise
internal torque distribution are included as Figure 7.11, Figure 7.10 and Figure 7.12 respectively.

With the span-wise internal load variations known, the beam bending equation can be used to calculate the
de ection of the wing box. The exural equation is taken from Aircraft Structures for Engineering Structures
[17] and is shown as Equation 7.3.

Mx(W)1zz(Y) i Mz(y)Ixz(Y)
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v9%is the curvature of the de ection eld along the wing span rad/m in the z-axis. Ivx and |, are the area
moments of inertia about the x-axis and z-axis respectivelyinm 4. I is the product moment of inertiainm 4,
which in general is not zero if the cross-section has no symmetry planes.  E is Young's modulus of the material

in Pa. My and M are the internal bending moments about the x-axis and z-axis respectively in [Nm].

Equation 7.3 relates the curvature to the span-wise variation of the bending moment and the span-wise varia-
tion of the geometrical stiffness. The area moment of inertia and the product moment of inertia are calculated
using the geometry of a section. A wing box section is shown in Figure 7.7.

Figure 7.7: Schematic drawing of the wing box of the starboard wing, looking from the root.

Figure 7.7 shows the geometry of the wing box, with only the thickness of the four segments being variables.
This way, Ixx, |2z and Ik can be calculated as a function of the four thicknesses. It also shows the centroidal
coordinates, Cyx and C,, which are also the coordinates of the shear centre, as well as the position of the
driveshaft at 60 percent chord length from the leading edge.

When the span-wise variation of the bending stiffness and the internal bending moment is known, Equa-
tion 7.3 can be integrated once to nd the de ection slope and twice to nd the de ection itself.

The normal stresses and shear stresses in the section can be calculated using the span-wise variation of the
internal loads and the geometric stiffness using the methods described in Aircraft Structures for Engineering
Students [17]. Speci cally, for bending stress, Equation 7.4 is used.

X(Mzlyx i Mxlxz) 4 Z(Mxlzzi Mzlxz)
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¥ is the bending stress at a section in Pa. X is the x-position with respect to the centroid in m. z is the
z-position with respect to the centroid in m.

The maximum normal stress and shear stress in each section can now be plotted along the span of the wing.
Aside from those, a combined maximum stress state can be found using a stress transformation, as is de-
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scribed in Mechanics of Materials [18]. Using a failure criterion like the Tresca yield criterion, one can calcu-
late the margin of safety of one section. The equation for which is given by Equation 7.5 2.

Yailure

MSAE———
SF ¥applied

(7.5)
Yxailure IS the failure stress of the material and  ¥appiieq is the applied stress on the material in Pa. SF is a safety
factor, which is taken as equal to the design safety factor.

When the margin of safety is plotted along the wing span, it gives an idea of how ef cient the design of the
structure is. MS should be as close to zero as possible without decreasing below zero. This information can
then be used in a later design stage to further optimise the structure.

The implementation of the methodology involves discretising the wing as an assembly of wing elements. This
means the wing assembly is split into a number of elements. The size of such an element, that is to say, the
step size, impacts both the computational time and the accuracy of the model. One must strike a balance
between minimising computational time and maximising accuracy. To this end, a sensitivity analysis was
performed on the effect of the step size on the stress calculations. The specimen is a trapezoidal wing box
made from AI7068T6511. This analysis aims to nd out at which step size the output, in this case, the normal
stress at the root, begins converging to one value. This step size is the optimal step size. The result has been
plotted in Figure 7.8.

Figure 7.8: The sensitivity of maximum normal stress to step size.

Looking at Figure 7.8, there is a very distinct oscillation in the results. Although there is a general sense of
convergence towards one value as the step size approaches in nitesimally small, the intense oscillations are
a major peculiarity. One possible explanation is the fact that the quadrature rule used for the numerical
integration of Equation 7.3 is a trapezoidal rule, which is a two-point Newton-Cotes method. This works well
for small step sizes, but when the elements become larger, a two-point quadrature rule will not be able to
accurately approximate the actual integral. This notwithstanding, there is still a step size below which the
results start to converge and the oscillations decrease, this is a step size of 0.01 m. As such, this step size will
be used in all structural calculations of the wing.

Results
Running the optimisation algorithm while following the fatigue procedure for 20000 cycles as described in
Table 6.1 yields the data shown in Table 7.6.

Table 7.6: Optimised wing box options for Al2024T851 and Al2195T8.

Wing box | Material Mass [kg] | Cost["] | tupperskin [M] | tiontspar [M] | tiowerskin [M] | trearspar [M]
Baseline3 | Al2024T851 1282 4514 0.02 0.01 0.015 0.01
WB2A3 Al2195T8 913 18817 0.015 0.01 0.01 0.005

2| ink [cited on 25-06-2024]
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Although the optimisation algorithm is constrained by fatigue stress besides yield strength, the static stress
caused by hover drives the design. This will be apparent from Figure 7.14. The margin of safety in hover comes
the closest to zero, which implies that the static stress in hover drives the wing structural design.

As the fatigue life of a material is dependent on the stress resistant properties of the material, it is natural
that Al2195 T8 would perform better in fatigue. Therefore, in order to make an informed decision about the
material choice for the wing box, a crack propagation analysis had to be performed. Following the proce-
dure for crack propagation as per Equation 6.1, it can be seen in Figure 7.9 that AL2024 performs better than
AL2195T8. However, from Table 7.6, it is observed that WB2A3 is signi cantly lighter than Baseline3. This is
as expected because in Table 6.1, the Al2195 structure was also lighter than the Al2024 structure. Therefore, it
was a trade off between mass and crack propagation.

As the FireFly will endure frequent high loads, Al2195T8 was chosen as it performs better under high stresses
and saves weight. Since its crack propagation is worse than the AL2024T851, more frequent maintenance will
be put in place to catch any sort of damage in its early stages. It was found however, that more than 1000  ¢10°
cycles can be done before critical crack length is reached.

Figure 7.9: The different aluminium alloys with the Paris Law applied.

Moreover, it should be noted that the skin thicknesses are very high. Skin thicknesses are usually in the order
of a millimetre, but because the wing model assumes no stiffeners, the skin thicknesses have increased to
cope with the stress.

The data for WB2A3 are used as inputs for the generation of the static analysis plots and the dynamic analysis
plots.

Static Analysis Plots

Using the free body diagram signi ed by Figure 7.5, the internal loading diagrams have been generated as
Figure 7.10, Figure 7.11 and Figure 7.12. With Figure 7.10 and the data for WB2A3 from Table 7.6, the span-
wise maximum normal stress distribution and the span-wise factor of safety in hover can be plotted as shown

in Figure 7.13 and Figure 7.14 respectively.

Figure 7.10 shows a decreasing approximately linear relation and is positive. This is as expected because
the point load by the engine causes positive bending, but the tip is not subjected to any point moments, so
the internal bending moment must be zero there. In reality, there should be a quadratic relation due to the
constant distributed force w, but because Pe is much larger, this effect is less visible. Figure 7.11 shows
a decreasing linear relation and is negative. Following the sign conventions and the internal load relations
from Aircraft Structures for Engineering Students [17], this makes sense. The engine load causes a negative
shear because P drawn in Figure 7.5 is actually negative.
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Figure 7.10: Span-wise |nterr:1;:£rendmg moment diagram in Figure 7.11: Span-wise internal shear force diagram in hover.

Figure 7.12: Span-wise internal torque diagram in hover.

Figure 7.12 signi es a constant and negative internal torque distribution. The internal torque is negative

because of the torque caused by the engine load. The engine load is applied at the driveshaft, the position
of which was shown in Figure 7.7. Because the driveshaft is not coincident with the sectional shear centre,
this load causes an internal torque. By the sign convention of the internal torque, the engine load causes a

negative internal torque.

Figure 7.13: Span-wise normal stress distribution of WB2A3 in

hover.
Figure 7.14: Span-wise factor of safety of WB2A3 in hover.

Figure 7.13 is a plot of the maximum positive and negative normal stress at each section along the wing span.
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By Figure 7.5, this stress is caused by the internal bending moment and it reduces to zero towards the tip
because the internal bending moment goes to zero towards the tip. Figure 7.14 gives an idea of the structural
ef ciency of the wing box. The closer the margin of safety is to zero, the more ef cient the structure is. As can
be seen, the margin of safety steadily rises to 1.75 near the tip, evidently because the normal stresses go to
zero at the tip, but the cross-section is kept constant. This means the structural mass near the tip is effectively
underutilised. A more ef cient structure would taper the thicknesses towards the tip so that the margin of
safety is closer to zero. However, this would sacri ce the manufacturing bene ts of a constant cross-section.
This trade-off would have to be further investigated in a more detailed design phase. The margin of safety
also gives an idea of how much a loading case drives the design. Figure 7.14 shows that the margin of safety
comes very close to zero towards the root of the wing. This reinforces the fact that hover drives the design of
the wing structure.

Dynamic Analysis
A general dynamic analysis of the structure is outside of the scope of the DSE, however, a vibrational analysis
and its effect on fatigue is a worthwhile endeavour because of the implications on the mission.

The speci c load case that is investigated would be the case of dropping the full payload of 10000 kg in one
go. ltis of interest to investigate the vibrational response of this sudden drop on the wing. This is because the
aircraft may conduct many such drops during operations, so analysing the effect of this vibrational response
on the fatigue of the wing structure allows for making design choices which can lower the severity of the
fatigue life impact of the vibration. This in turn leads to more load cycles without the need for maintenance
and repair, which means less downtime.

The effect of dropping all the payload is that the aircraft fuselage accelerates up due to a loss of mass. This
can effectively be modelled as an impulse load Po+(t) where Pg is equal to the payload weight and *(t) is the
Dirac pulse. The fuselage transfers this impulse load onto the wings, which will cause a vibration.

The vibrational model used is shown in Figure 7.15.

Figure 7.15: The vibration of the aircraft is modelled as the tip vibration of a cantilevered beam which can be modelled as a
mass-spring-damper system.

As seen in Figure 7.15, to simplify the analysis, only one wing half is taken, which means that %Pot(t) acts
on the wing. One further simpli cation is to model the wing as a cantilevered beam where the tip is the
built-in end and the root is the 'free’ end. This allows for following the methodology described in Engineering
Vibration [19] to model the tip de ection of a cantilevered beam as the de ection of an equivalent stiffness
mass-spring-damper system. The impulse response function of this system assuming the system is under-
damped and starts from rest can be found to be Equation 7.6.

3
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Equation 7.6 holds for t >t . mis the mass in kg, 3 is the damping ratio, ! , is the natural frequency in rad/s
and ! 4 is the damped natural frequency in rad/s. When subjected to an impulse load Pox(t i t7), the time
response of the de ection is found by Equation 7.7.

x(t) APoh(tj t%) (7.7)

Equation 7.7 also holds only fort >t ;fort<t ", itis equal to zero. Using Equation 7.7, the time response of the
de ection at the wing root can be found. This also allows for nding the time response of the bending mo-
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ment at the root, which can be directly translated into the time response of the maximum tensile stress at the
root. The sign convention for positive de ection and positive external force is as shown in Figure 7.15.

One big hurdle is that the damping ratio of the wing structure is not known at this point. This means that

it is not possible to know for certain what the stress amplitude caused by the impulse load will be. Instead,
the vibrational analysis has been carried out for different damping ratios and the results have been plotted in
Figure 7.16 and Figure 7.17 utilising the data of WB2A3 from Table 7.6.

Figure 7.17: The time response of the maximum bending stress in
the lower wing skin at the root due to an impulse load for different
damping ratios.

Figure 7.16: The time response of the de ection at the root due to
an impulse load for different damping ratios.

As seen from Figure 7.17, depending on how well the structure is damped, the stress variation can either
quickly dampen out or persist for several cycles. This stress variation can be superimposed onto the quasi-
static stress, resulting in a total stress which may not exceed the yield strength of the structure. Because
the wing box geometry is optimised so that the factor of safety at the root is closest to one, this will likely
mean that the dynamic stress causes the total maximum normal stress to exceed the material yield strength,
necessitating a stronger structure.

With the vibrational analysis, a framework has been set up for designing structural dynamics should it turn
out further down the line that the damping ratio of the structure is low enough that the stress amplitude

signi cantly affects the fatigue life of the structure. At that point, a trade-off can be made to strengthen the

structure by decreasing the stress amplitude or to use materials which are more resistant to fatigue like bre
metal laminates.

7.4. Propulsion Analysis

Contributor / Author: Bob

To select the propulsion system, a power required estimation was conducted and the subsystem requirements
were taken into account. It is determined that the Rolls-Royce AE1107F engine is the best option for the
FireFly3.

Requirements
For the propulsion system, the following subsystem requirements are considered:

Table 7.7: Propulsion subsystem requirements.

Identi er Parent Subsystem Requirements

QTR-PRP-01 | FTF-SYS-FDS-03.1 | The engines shall have a total average fuel mass ow rate of less than
and QTR-FUL-01 0.36 kg/s during ferry ight.

QTR-PRP-02 | FTF-SYS-FDS-03.2 | The engines shall have atotal average fuel mass ow rate of less than
and QTR-FUL-01 0.9 kg/s during the re lling and dropping phases of aerial re ght-
ing.

QTR-PRP-03 | FTF-SYS-FDS-03.3 | The engines shall have a total fuel mass ow rate of less than
and QTR-FUL-01 0.82kg/s while operating with a full retardant tank at a minimum
dash speed of 400km/h.

Continued on next page

3Link [cited on 25-06-2024]



7.4. Propulsion Analysis

33

Table 7.7 — continued from previous page

Identi er Parent Subsystem Requirements
QTR-PRP-04 | FTF-SYS-FDS-05.1 | The engine shall be connected to a tilting mechanism to rotate the
thrust vector.
QTR-PRP-05 | FTF-SYS-FDS-05.1 | The tilting mechanism shall allow each engine's thrust vector to ro-
tate 135° from its horizontal ight mode position.
QTR-PRP-06 | FTF-SYS-FDS-05.1 | Each engine'stilting mechanism shall be able to be rotated indepen-
dently.
QTR-PRP-07 | FTF-SYS-FDS-04.1 | The engines shall be able to provide a minimum of 35kN thrust in
horizontal ight at sea level in ISA conditions.
QTR-PRP-08 | FTF-SYS-FDS-05.2 | The propulsion system shall provide dynamic thrust changes during
water re lling to compensate for increasing weight.
QTR-PRP-09 FTF-SYS-FDS- Rotors shall be able to sustain loads of -1 to 3,5 g without deforma-
05.15 tion that in uences performance.
QTR-PRP-10 | FTF-SYS-FDS- The propulsion system shall be able to produce a minimum of 27kN
05.16 in horizontal ight at 3000 meters in ISA conditions.
QTR-PRP-11 | FTF-SYS-FDS-07.1 | Then engine inlet shall be equipped with an anti-icing system.
QTR-PRP-12 | FTF-SYS-FDS-07.1 | The individual propeller blades shall be equipped with an anti-icing
system.
QTR-PRP-13 | FTF-SYS-REG- The powerplant shall be accessible for necessary inspections and
01.10 maintenance.
QTR-PRP-14 | FTF-SYS-FDS-07.2 | The individual propeller blades shall have salt water corrosion pro-
tective coatings.
QTR-PRP-15 | FTF-SYS-REG- One engine failure shall not prevent normal operations of all other
01.11 engines.
QTR-PRP-16 | FTF-SYS-REG- There shall be means of stopping each engine individually.
01.11
QTR-PRP-17 | FTF-SYS-REG- There shall be means of restarting each engine in- ight.
01.11
QTR-PRP-18 | FTF-SYS-REG-01.3 | Power ratings shall be established for all engines.
QTR-PRP-19 | FTF-SYS-REG-01.5| The engines shall be certi ed according to CS-E regulations.
QTR-PRP-20 | FTF-SYS-FDS-06.4 | The engines shall be easily accessible by maintenance crew.
QTR-PRP-21 | FTF-SYS-FDS-06.4 | The engines shall use industry-standard parts.
QTR-PRP-22 | FTF-SYS-REG-01.6 | The propellers shall be tested on impact resistance.
QTR-PRP-23 | FTF-SYS-SUP-01.2 | The engines shall be able to use at least one of the following fuels:
Jet A-1 and Jet B.
Table 7.8: List of engine models considered.
Manufacturer Model Power [hp] | BSFC[Ib/h ¢hp] | Application [20]
Rolls-Royce AE 1107C 6000 0.426 V-22 Osprey
Rolls-Royce AE 1107F 7000 0.426 V-280 Valor
General Electric T408 7500 ¥0.4 CH-53K
Rolls-Royce Turbomeca | RTM 322 2270 0.42 Eurocopter X 3
General Electric T700-GE-701D 1940 0.462 Sikorsky S-70

In Figure 7.18 power required for cruise and hover combined is plotted against velocity. When not enough
lift is generated by the wings the rotors will rotate and generate thrust. It shows that the limiting case is One
Engine Inoperative(OEIl). This stems from CS-E regulations requiring the ability to maintain a rate of climb of
2/3 m/s when one engine cuts out. As can be seen in Figure 7.18, the AE1107F engines provide enough power
for this. This does take into account that all engines will be connected through gearboxes and driveshafts so
that all four rotors can be turned by the three remaining engines in the OEI scenario. In case a total engine
ef ciency(output power/shaft power available) of 0.83 is assumed, Figure 7.18 also shows that there is enough
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power to overcome drag at high cruise speeds and accelerate to high dash speeds of over 500 kph. *

Figure 7.18: Power required.

Besides providing enough power, the AE1107F engines are speci cally designed for use on tilt rotors as they
are to be installed on the new V-280 Valor aircraft. Being an improved iteration of the AE1107C engines in-
stalled on the V-22 Osprey and with the V-280 entering service in 2031, the AE1107F will have been thoroughly
tested by the time FireFly enters its prototype phase. Being designed for combat situations, the AE1107 en-
gines proved to be reliable and robust with over 70 million ight hours on the record. Along with established
supply chains and part commonality with other AE series engines ensuring good maintainability, this engine
will provide FireFly with a reliable power output during its lifetime 5,

7.4.1. Fuel Type

Contributors / Authors: Nino, Bob

Regarding sustainability, it has not been tested whether the AE1107 engines can run on SAF. However, multi-
ple Rolls-Royce engines have been proven to be able to run on 100% SAF which is promising and shows that
Rolls-Royce is capable of adapting their engines to run on SAF. ® SAF has many bene ts compared to general
fossil jet fuel. SAF is the more sustainable option for jet fuel. SAF is made from waste oils, which reduces the
total CO, emission of the aircraft by 80%. This is a large portion of the total operational carbon emission.
On top of this SAF also has an improved fuel ef ciency compared to kerosine of 1-3%. " The cost of SAF is
eight times more expensive than kerosine and demand is high compared to the supply. On top of this, SAF
is a drop-in fuel. Meaning no special equipment or adjustments is needed to use the SAF fuel. It can just be
mixed in with general fossil jet fuel. So if SAF is available at a re lling station, it should be used.

7.5. Noise Analysis

Contributor / Author: Nino

The main social impact the FireFly will have has to do with noise caused by the four prop-rotors. According
to the ICAQ, there is no maximum noise level for tilt-rotor aircraft in aeroplane mode. [21] This means that
the noise only needs to be analysed during hover at a take-off, approach or drop procedure. For this, only
the people outside the aircraft are taken into account, as it is assumed that the pilots will have suf cient
protective gear against the rotor noise. This estimation is done to get a ballpark guess of the noise created
by the proprotors, so it is known if the ICAO requirements are met. On top of this it is assumed that in the
forest res and near airports of re ghting bases, no one will complain when an aerial re ghting aircraft

is called into action. However, the noise safety requirements of the ICAO, still need to be met for the times
when the FireFly does need to y near civil areas for transportation or maintenance of the aircraft. According
to the ICAOQ regulations, the measurements need to be done from 150 meters from the aircraft. The maximum
allowable decibels are based on the MTOW of the aircraft and shown in Table 7.9. [21]

4Link [cited on 19-06-2024
5Link [cited on 19-06-2024
6Link [cited on 19-06-2024
7Link [cited on 14-06-2024
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Table 7.9: Noise regulations according to ICAO and noise caused by the FireFly in decibels (dB) [21] [22].

Parameter Take-off | Drop | Approach | Unit
Allowed Noise 105.6 104.6 106.6 dB
Noise 92.9 92.2 91.3 dB

The estimations in Table 7.9 have been calculated with a generalized rotor noise estimation. Most noise
calculations require tedious computer operations. However NASA has created a simpli ed noise analysis,
which can be performed by hand calculations. Further explanation of the calculations can be found in the
paper of NASA [22]. With uniform incoming ow, the accuracy is +- 2dB when compared to the computational
operations. The noise limits are not exceeded according to the noise analysis from NASA, even when 2dB are
added. Thus noise will not have a large implication on the design.

7.6. Aerodynamic Characteristics

To ensure good aerodynamic characteristics, the aircraft adheres to the aerodynamic requirements set by the
Fire Departments (FDS) and Pilot (PIL) stakeholders. The applicable requirement for aerodynamics is shown
in Table 7.10. This section will explain how the aerodynamic requirement is met.

Table 7.10: Lift subsystem requirements.

Identi er Parent Subsystem Requirement

QTR-LFT-04 FTF-SYS-FDS-05.16 The wings shall be able to sustain lift at 3000m in ISA conditions.

Lift Required

Contributor/Author: Nino

In hover, the lift is created by the proprotors, which need to provide as much lift or thrust as the weight. In
cruise, the lift is provided by the wings and is designed to be equal to the FireFly's MTOW of 35154 kg. This is
a conservative factor of safety for lower stall speed than calculated. The total lift force needed during cruise
would then be about 344.9 kN.

Airfoil Selection

Contributor / Author: Nino

In the midterm report the same airfoil as the V-22 Osprey, the Bell A821201, was selected for both the front
and rear wing [9]. However, the decision is made to switch to a NACA airfoil with a similar geometry. The main
reason for the decision is that little data is available on the Bell airfoil. NACA airfoils have a suf cient amount
of data available on the airfoils. This speeds up the design process, as no Computational Fluid Dynamics
(CFD) programs need to be run to nd the airfoil characteristics. The airfoil chosen is the NACA 4421 airfoil,
as the geometry and thickness over chord ratio is similar to the Bell airfoil. The geometry of the NACA 4421
airfoil is shown in Figure 7.19a. The lift coef cient (  C;; [-]) over angle of attack (AoA; ®; [deg]) is shown in
Figure 7.19b 8.

(b) C;/®curve of the NACA 4421 airfoil
(a) NACA 4421 airfoil layout. where AoA is in degrees.

Figure 7.19: NACA 4421 airfoil geometry and Cl over ® curve.

8Link [cited on 11-06-2024]
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7.6.1. Wing Sizing

Contributors: Nino, Bob . Author: Nino

The wing sizing is a complicated system with many dependencies. A lot of variables need to be taken into
account and a lot of parameters need to be determined, like span and chord, but also sweep, taper and rotor
rotation.

Surface Area Determination
The total lift surface area required is determined with the lift equation in Equation 7.8. Where Sis surface area
in m2, Lis the total lift generated in N, C_ is the dimensionless lift coef cient,  %is the air density in kg/m?3
and V is the cruise velocity in m/s. With a C_ of 0.8 at about 4 deg AoA, a cruise altitude of 10,000 feet with
a density of 0.905 kg/m? and a cruise velocity of 400 km/h, the total surface area needed is 77.16 m?2. This
would meet the requirement, as 10000 ft is at a higher altitude than 3000 m.
For this phase of the design, it is assumed that the lift coef cient for the airfoil (C 1) and the lift coef cient
for the wing (C ) are the same. This will be explained in further detail later in this section when proprotor
rotation is discussed.

S/EL/(CL 00,5440V ?) (7.8)

Span Determination

With the total surface area known, it should be decided how the area is divided among the front and rear
wings of the aircraft. With a difference in wing sizing, the oncoming wake on the rear wing also changes. In
Figure 7.20 a sketch is shown of three possible options. The rst green option is when the rear wing has a
larger span than the front wing, the second blue option is when the wings are equal in size and with the third
orange option, the span of the front wing is larger than the rear wing span.

Figure 7.20: Incoming ow on rotors with wake of three possible span options. This sketch is not to scale.

The rear proprotor of the rst option is half in the slipstream of the front rotor and half in the freestream
velocity. Thus there is a differential in slipstream between the inner and outer part of the incoming ow on the
rear proprotor. This means that when the rear proprotor is rotating, the blades will endure a constant change
between a turbulent ow and a laminar ow creating a fatigue cycle by the unequal forces on the left and
right sides of the rotor. This fatigue cycle would cause an extra risk of failure, resulting in more maintenance
time for the aircraft, as the proprotors need more time for suf cient inspections and replacements. The same
can be said for the third option where the front wing has a larger span.

The second option has wings of the same size and only has an incoming ow from the proprotor. The load
from the incoming ow will be the same when the proprotor is rotating. Thus it will not have a fatigue cycle
like options one and three.

One disadvantage of option two compared to option one is that option one has clean air on half the proprotor
and option two does not. Option three has the wake of the wing and would be less ef cient than option
one. This means the rear proprotor of the second option is in the full wake or jet from the front proprotor,
increasing drag.
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Figure 7.21: Power required for cruise velocity with 20% thrust at the rear wings.

However, a power calculation has been done and is shown in Figure 7.21. The rear engines only produce 20%
of the available power. With this, a minimum velocity of around 195 km/h and a maximum velocity of 550
km/h can still be achieved. Operating at 20% rear power comes with a lower drag and fatigue cycle, as the
air de ection is decreased and thus is a more sustainable ight mode. If lower velocities are required, the
pilot can let the rear proprotors rotate faster to generate a suf cient amount of thrust for lower velocities.
The fact that the cruise velocity can still easily be reached with only 20% thrust from the rear proprotors,
is a con rmation to choose equal spans for both wings. This reduces maintenance time and increases the
availability of the aircraft to extinguish wild res more effectively.

For better manoeuvrability and weight reduction, it was decided to make the span as small as possible. With

a proprotor radius of 6 meters, a fuselage width of 2 meters, and a clearance of 55 cm on each side of the
fuselage, the span of the aircraft is 15.1 meters. The V-22 Osprey has a clearance of 30 centimetres [23]. This
was extended with an additional 25 centimetres, as the FireFly RPM of the rotors is higher than the V-22. The
rotor radius is about the same and thus the RPM will be higher [23].

For production simplicity and cost reduction, the wings will have the exact same sizing and surface area.
When the wings are the same size, only one type of wing needs to be manufactured. The same parts can be
used for both wings. This speeds up the process of manufacturing as only one production line is needed for
both wings. As manufacturing time is shorter and a smaller variety of parts needs to be produced, the cost is
also reduced. This results in a chord of 2.56 meters and a surface area of 38.6 m? per wing.

Sweep Determination

The sweep on the wing is chosen to be zero degrees. Sweep is mainly applied for aircraft that reach high speed
to increase the critical Mach number. The FireFly will at most reach a Mach number of 0.6 making the use of
sweep redundant.

On top of this, a rearward sweep would cause the proprotors to collide with the wings in conventional ight
mode, as can be seen on the left side of Figure 7.22. Rotating the proprotors is considered, but is deemed
as no feasible option. Rotating the proprotors would increase the fuel consumption, as a force to the side
is introduced which cannot be used for forward ight which is shown on the right side of Figure 7.22. This
means some of the power is lost, ef ciency decreases and a less sustainable design, as more thrust is nec-
essary to reach cruise velocity. On top of this, extra stress is introduced in the wing resulting in more wing
weight. Forward sweep would cause divergence when bending is introduced on the wing. When a forward-
swept wing bends upwards, the angle of attack increases, introducing more bending loads, making the angle
of attack even higher. This will eventually break the wing unless the wing needs to be designed for high stiff-
ness, which will signi cantly increase the weight of the wing. Because both forward and rearward sweep are
deemed unfeasible for the design of the FireFly, no sweep is applied to the wings.
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Figure 7.22: A sketch of the FireFly with rearward sweep is shown. On the left side, it can be seen that the proprotors collide with the wings
when a rearward sweep is applied. On the right side, the proprotors are rotated with the sweep so they do not collide with the wings.
However, a force to the side is introduced. This force cannot be used in conventional ight and is a loss in useful thrust.

Dihedral Determination

The dihedral of the wings is chosen to be zero. The main reason is to simplify the driveshaft of the proprotors.

The driveshafts are placed in the wings as a backup option in case one engine fails and will only connect
the two engines on the same wing. Without any dihedral one big driveshaft can connect the two engines,
without having any gears in between. This simpli es the driveshaft, which decreases weight and increases
the reliability of this safety feature.

Proprotor Rotation

A proprotor can be rotated in two ways. One where the inward part of the rotor closest to the fuselage ro-
tates upward, the other where the inward part rotates downward. Propellers leave behind a swirling ow that
washes over the wings. This phenomenon is called slipstream and has an impact on the local lift and drag
over the wing. It was decided to let all proprotors rotate inward upwards, as this is the most bene cial and
sustainable way to use the proprotors. The arguments of this decision will be further explained in this section
by looking at the induced velocity.

The induced velocity in cruise in uences the lift distribution of the wing. When the rotor rotates inward
downward, a downwash is created and the local angle of attack decreases, which also decreases the lift of the
wing as shown in Figure 7.23c. The proprotor downwash is added with the downwash created by the wing.
The change in nal vertical ow velocity will be signi cantly large. When the rotor rotates inward upward,

an upwash is created and the local angle of attack is increased, which results in an increased lift of the wing
shown in Figure 7.23a. The wing causes a downwash and the proprotor causes an upwash, resulting in the
cancellation of some of the change in velocity, making the nal change in ow velocity smaller. This way
the incoming ow will be less disturbed and more similar to the freestream ow than the inward downward
rotating proprotors. As the proprotor covers a large part of the wing, this is an important aspect to take into
account. This phenomenon is shown in Figure 7.23b, where both inward upward and downward options are
shown. On the bottom a rough estimation of the lift distribution is shown based on the Master Thesis of
Robert Nederlof [24].

For this stage of the design, it is assumed that this downwash caused by the wings and proprotor will cancel
each other to simplify calculations and design choices. With this lower downwash or upwash, it is also as-
sumed that the lift coef cient of the airfoil and the coef cient of the wing are the same. The vortices created
by the rotors and wings are shown in Figure 7.23b for clarity.
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