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Executive Summary
This is the final report written by Spring DSE 2020 Group 06. It is the fourth report produced in the design of
an electrical light trainer aircraft, which was required to be designed by a group of 10 students in 10 weeks.
The goal of this project is to encourage the use of electrical trainer aircraft in the training of student pilots,
specifically PPL and IFR training, while also making flight training more financially profitable for flight schools.
In this report the final phase of the DSE is presented which consists of the preliminary design of the Dragonfly.
The design process is described, as well as an overview of the final design and plans for the future of the project.
This executive summary will include a short description of the previous (conceptual) design phases and a more
extensive overview of this preliminary design phase.

Project Objectives
For this project the mission need statement (MNS) is as follows:

Increase the usage of emission-free trainer aircraft in flight schools.

The project objective statement (POS) is as follows:

Design an emission-free trainer
aircraft, establishing a justifiable business case for flight schools, by 10 students in 10 weeks.

As one can observe in the MNS and the POS, sustainability is an important factor within this project. To ensure
the proper grip on this subject, it is chosen to work according to the principles of the EcoDesign Strategy Wheel.
When this ’wheel’ is followed, one will come up with a design that has reduced the environmental impact of
the entire life cycle of the product to a minimum by analysing and improving the design on sustainability on
component level, structural level and on system level.

Baseline Phase
During the baseline phase, requirements were generated from functional flow diagrams (FFD) and functional
breakdown structures (FBS). In the design of the electric light trainer aircraft (ELTA), which is named the ’Drag-
onfly’, it is important to note that the electrical engine provides many opportunities to make flight training more
efficient, which would financially benefit flight students. In order to explore the competitors that the Dragonfly
would face, a detailed market analysis on other trainer aircraft and electrical aircraft was performed.
Following the requirements generation and market analysis, a brainstorming session was held in which all
possible design options were collected. This process identified four parts of the aircraft to be designed - the
configuration, wing, propulsion and landing gear design. The options of these systems were put in a design
option tree. As the training enhancement (TE) was considered a separate part of the aircraft, it was put in a sep-
arate design option tree. Based on these design option trees, five preliminary conceptual designs were created,
namely: an aircraft with two ducted fans mounted on the fuselage, one with one propeller engine mounted on
the nose, one with a contra-rotating propeller on the nose, one with two propeller engines mounted on the wing
and one with an array of multiple engines located on the wing.

Midterm Phase
The goal of the midterm phase was to perform trade-offs for each subsystem in order to determine how good
each concept is. The final product of the midterm phase was a choice of concept out of the five produced in the
baseline phase. This concept turned out to be concept three and was the one to be further developed during
the detailed design phase of this DSE.
The midterm report included many trade-offs, which were performed as follows. First, the quality function
deployment (QFD) method was applied in order to determine the weights of each trade-off criterion. Then, the
weights of each technical parameter were then used for the actual trade-off table, where the concept with the
highest overall score would be deemed the winner.
Final Design Choice
After designing each aircraft subsystem and performing multiple subsystem-level trade-offs, in which all the rel-
evant design options for the main components of the five concepts were assessed and scored, a final trade-off
between the five concepts could be performed. Following the final trade-off shown in Figure 1, it was determined
that the option with a contra-rotating propeller was the best option for the electric light trainer aircraft (ELTA).
It received an excellent score on the training add-ons, neutral scores on both noise and flight performance
(which includes endurance and weight), good scores on aircraft cost (not taking into account the cost of TE)
and certifiability. It also received a good score on aircraft safety.



Trade-off

Design Option Technical 
Performance 

Measurements

Added 
Training 

Effectiveness 
(Training Add-

ons)

Noise Flight 
performance Certifiability Aircraft Cost Safety Score

The technical 
performance 
measurements 
as well as their 
weights should 
coincide with 
the ones stated 
in the QFD 
associated with 
this trade-off 
table

Weight 25% 10% 15% 10% 20% 20% 100%
Option 1 2 4 3 1 2 2 2.25
Option 2 3 2 2 4 4 1 2.65
Option 3 4 2 2 3 3 3 3.00
Option 4 3 3 1 1 2 3 2.30
Option 5 1 4 0 2 1 4 1.85

Legend:
0 Unacceptable 
1 Bad
2 Neutral
3 Good
4 Excellent

Figure 1: Final design trade-off

Thewinner of the trade-off was a low-wing aircraft which uses a contra-rotating set of propellers, operating from
one engine and therefore being suitable for certification under CS-VLA requirements. Its in-flight TE package
includes AR glasses, an autopilot, a ballistic parachute, a fitness band for confidence and stress monitoring, a
glass cockpit with integrated virtual CFI, a removable instructor seat, camera, voice and flight data recording
options as well as an enhance debriefing software. Furthermore, the ground segment of the TE package will
consist of a VR unit flight simulator.

Detailed Design Phase
Market Analysis
For the market analysis in this design phase, a questionnaire was performed. The questionnaire aimed to find
out the price customers were willing to pay for an electrical trainer aircraft, as well as what they find impor-
tant in a trainer aircraft. The results showed that the proposed price of €150,000 satisfies the willingness to
pay of almost half of the participants. To pilots, added training enhancement, handling, operational cost and
endurance/range are the most important aspects of a trainer aircraft.
Structures
The structures of the aircraft is what keeps everything together. Since the structure needs to be able to carry
many different types of loads and connect many different components together, a lot of research is needed.
The analysis for this was split up into two parts. Firstly, the wingbox was analysed in detail, sizing it for the lift
distribution that was obtained from the aerodynamics department, the actual weight of the wing acting on the
wingandapotential batteryweight. Secondly, the fuselagewasdesigned. As the fuselage is toobig to completely
design indetail in thegiven time frame, thedesignwas limited to theaft portionof the fuselage, behind the cockpit
bulkhead. The loads thatwereanalysed includeempennage loads, ground loads, batteryweight, andemergency
parachute loads. Parameters that were selected and sized include skin thicknesses, spar thicknesses, stringer
numbers, number of longerons, number of frames, number of ribs, material selection, and battery position.
The analysis of the wing yielded a wing mass of 160 kg with 30 AA2024 J stringers on the upper surface and
30 AA2024 Z stringers on the bottom surface. Furthermore, the rib space was determined 200mm. The wing is
over-designed at this stage due to the many conservative assumptions made, and the analysis performed will
need to be refined in later stages prior to testing.
The final complete fuselage has a weight of 1229 N. The nose gear is positioned 2.00m behind the nose, and the
main landing gear is positioned 3.39 m behind the nose. These last two values followed from the c.g. position
data, the requirement that the aircraft should be able to rotate while on the ground during take-off and the tail
strike angle.
Aerodynamics
Aerodynamic analysis has been performed on the wing and empennage subsystems in order to design the
planform parameters and assess aerodynamic performance and efficiency. The design was led by improving
performance as much as possible while have safety as a driving requirement, which primarily focuses on safe
stall behaviour. For the main wing, all of taper, twist and airfoils are considered as free design variables. The
efficiency and stall safety characteristics are used as criteria to optimise the planform shape. This resulted in
a main wing with an aspect ratio of 10.1 (set by design point), taper ration of 0.45 and twist of 5°. For the
empennage, the horizontal tail was subjected to the same procedure, to optimise for safety and performance.
This resulted in a horizontal tail planform with aspect ratio of 3, taper ratio of 0.7, no twist and zero trailing edge
sweep. The vertical tail design was assessed by stability and control.
Stability and Control
For the assessment of the stability and control of the aircraft, the longitudinal and lateral stability have been
analysed and the control surfaces have been sized. The analysis of the longitudinal stability is done by first
creating the loading diagram, which resulted in a minimum centre of gravity of 2.45𝑚 and amaximum of 2.87𝑚.
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Secondly the scissor plot was created, which was used to determine the surface area of the horizontal tail, which
is 3.28𝑚ኼ. The analysis was performed for different wing positions, in order to find the minimum horizontal tail
surface area. This resulted in a wing position of 2.7𝑚 from the nose.
For the directional stability, a first estimation of the vertical tail was made, using statistical data. This resulted
in a vertical tail surface area of 1.22𝑚ኼ.
The control surfaces sized are the ailerons, flaps and the elevator. The ailerons were sized based on the roll
requirements, the flaps based on the required increase of lift coefficient and the elevator based on the required
angular acceleration around the main gear during take-off, in order to make sure that the aircraft is able to
rotate. This resulted in an aileron span of 1.34𝑚, a flap span of 3.58𝑚 and a elevator chord of 0.39𝑚.
Power and Propulsion
The power and propulsion subsystem consist of three main items a battery pack, an electric motor and the
propeller system. These three systems have been further analysed and design in this report.
Battery. The functions that describe the battery are that the battery should be able to deliver the engine the
required power, it should deliver enough power to the other systems, such as avionics, on board of the Drag-
onfly, and it should have enough energy storage capacity to meet the endurance and range requirements. To
make sure the battery can perform these functions all phases of the flight have been analysed and it resulted
in the fact that the battery should have a capacity of 59.9 𝑘𝑊ℎ. The highest nominal voltage for the engine
is chosen to increase efficiency, this is 400 𝑉. Furthermore, the depth of discharge is taken as 90%. This has
resulted in a total weight of 292 kg. The time to charge the battery with a high power charger is estimated to
be 1.9 hours, this resulted in the requirement that the batteries should be able to be swapped out for a fully
charged battery. Next to that, the cycle lifetime of the battery is estimated to be equal to 1000 cycles.
Engine. During the midterm it was decided to go for a single engine, but in this more detailed phase another
trade-off was done and a twin engine with a single lever (for the pilot it feels like flying a single engine aircraft)
in the cockpit turned out to be the winner. A twin configuration in which the engines are placed behind each
other where the front engine propels the rear propeller and the back engine propels the front engine is chosen
based on the same trade-off. From the calculations of engine parameters the Saluqi P50 twin engine turned out
to be the best option. Although it delivers 10kW more power, it is lighter than the Siemens SP70D that delivers
the required 70kW as maximum continuous power.
Propeller. To design the contra rotating propeller system, CROTOR was used. This program is better to be
used for a single propeller design, as the counter rotating option only gives an approximation. Therefore the
propeller design in this report is only preliminary. It turned out that a compromise between a high efficiency
with a low number of blades and low noise by a lower RPM and smaller diameter had to be found. This resulted
in a propeller system of which the forward propeller consists of 2 blades and a rear propeller of 3 blades where
both propellers have a diameter of 1.8 meters. A test plan has been set up on how to test the contra rotating
interaction in detail, such as flow and noise interaction. One of the test ideas is to decrease the diameter of the
aft propeller in order for it to stay in the slipstream of the front propeller in order to get a higher efficiency and
lower noise as the propeller tips will not go through the tip vertices of the front propeller.
Training Enhancement and Cockpit Design
After analysing the functions of the TE package and formulating the requirements, a market analysis was per-
formed. This included several parts: performing a literature review, developing and distributing a questionnaire
and conducting interviews with the Head of Training of the two biggest flight schools in the Netherlands. After
the findings of the literature study and questionnaire had been analysed, the detailed design phase of the TE
package occurred. During this phase, the items that will be included in the final TE package have been selected.
These items are: a mixed reality headset (HTC VIVE Pro Eye VR glasses with a mounted ZED mini AR cam-
era) which will be used for implementing the Fused Reality concept in order to turn the Dragonfly into its own
in-flight simulator, the Epson Moverio BT-300 AR glasses which will be used to guide the student pilot and to
display critical flight data/information right in front of their eyes, a series of items that help emulate a complex
combustion engine aircraft (gear lever, propeller and mixture controls, carburettor heat control, fuel pump and
fuel selector, sound system). Furthermore, a ballistic parachute and a collision avoidance system have been
introduced to increase the safety of the Dragonfly. A stress monitor, voice and video recorder, electronic flight
bag and debrief software have been implemented as well. Furthermore, a glass cockpit was chosen, including
an autopilot and virtual certified instructor software. A removable instructor seat will be included aswell, in order
to help achieve a higher endurance when the student is flying solo. The ground segment of the TE package will
be a VR unit simulator, as used in the US Air Force Pilot Training Next programme. Furthermore, the instructor
will be offered the possibility to monitor the flight data of the students in real time, at least during take-off and
landing procedures. After the items of the TE package have been established, their effectiveness was quantified
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and a cost-benefit analysis was performed. It was found that the TE package will increase the effectiveness of
the training by up to 30% and it will save up to 1806€ for the student from the overall PPL cost. Even though this
TE package is advantageous for the student, it is not profitable for the flight schools at the moment. However,
this is expected to change in the future when more and more students will be drawn to flight training on a fully
electrical aircraft equipped with exciting new technology.
Final Design
The subsystems were integrated by running all analyses through an iterative loop in python. This resulted in a
design with an MTOW of 884 kg. The communication of the aircraft consists of air-to-air communication, air-to-
ground communication and air-to-satellite communication. The details of this are shown in a communication
diagram. A hardware, software and data handling diagram of the aircraft were also generated. Additionally, it
has become apparent that the aircraft will need further verification and validation in the future, in the form of
both ground testing and flight testing. The aircraft also suffers from several certifiability issues. These are the
take-off weight being too high to certify the aircraft within CS-VLA, the number of engines being more than one,
the safety of batteries, the usage of a contra-rotating propeller, the inclusion of training enhancement practices,
the ability to fly at night and IFR certification. Figure 2 shows a render of the final design of the Dragonfly.

Figure 2: Final Design Render

Business Cases
The described business cases take place in the Netherlands. The Dutch government aims to switch the entire
general aviation (GA) sector from combustion engines to electric engines. Therefore subsidies will be set-up of
which it is assumed the development costs of the Dragonfly will not be higher compared to the development
costs of conventional aircraft in its class. To anticipate on the electrification of GA and based on production rates
of current GA aircraft a production rate of 100 aircraft per year was assumed reasonable. Based on this the
selling price could be €150k excluding the training enhancement package. The break-even point would then
be after selling 474 aircraft. With the training enhancement the selling price will be €175,950. An option for
the customer will be to lease the training enhancement package. Leasing an entire aircraft will only be possible
after the break-even point has been reached. Furthermore will the direct operational costs be €22.15/hr (’fuel’,
engine and battery overhaul are included).
Risk Assessment
During each subsystem design specific risks were identified as well as risks for the system as a whole. These
risks were analysed and mitigation strategies were created to deal with them. A significant number of risks
regarding the contra-rotating propeller were identified as this is not a widely implemented system and therefore
brings some uncertainties into the design. However, the most hazardous risk are some more general risks:
RSK-DES-01 (MTOW exceeds the limit) and RSK-BC-01 (Lack of recharge infrastructure at airports). These risks
will be reduced by aiming for a lower weight and/or adding a safetymargin (for RSK-DES-01) and bymaking sure
that current recharge technology is used (for RSK-BC-01). RSK-DES-01 is still the highest risk after mitigation,
however with a lower likelihood.
Operations, Logistics and Project Planning
A flight envelope has been created in order to analyse the load factors on the Dragonfly. The maximum loads
turned out to be +3.8 and -1.5 which could occur during cruise flight. For the end-of-life it is assumed the
batteries and engines will get a second life in other industries. The avionics and airframe will be used to make
flight simulators.
The next steps of this project will consist of start building aircraft parts and test them as the first steps for
the certification process. When all ground tests have been performed, test flights will take place. After the
certification process the aircraft has green light to be produced for the customers.
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1
Introduction
”In the past years, several models of electrically powered general aviation (GA) aircraft have been introduced
and launched on the market. The concept of using aircraft with electrical propulsion for PPL training purposes,
however, is still a new one. As this type of trainer aircraft entails very low operational costs, and is a viable
option from a sustainability point of view, as well as adding training effectiveness benefits, it may be argued
that it represents the future of training. However, the endurance of existing electrical trainer aircraft is low,
mainly due to the heavy batteries. The training capabilities that they offer are not much different from common
combustion trainer aircraft. Thus, there is a need for an electrical light trainer aircraft that will determine an
increase in the usage of emission-free trainer aircraft in flight schools, by means of offering higher endurance
and enhanced training capabilities.”[1]
Group 06 of the 2020 spring DSE has designed an electric light trainer aircraft (Dragonfly) over the past ten
weeks. The aim of this report is to document the process of the second half of this process, from the midterm
until the final report. This report describes the preliminary design phase of the Dragonfly and the design of its
subsystems. The final preliminary design is presented at the end of this report.
The structure of the report is as follows: Chapter 2 introduces the project objectives and describes the aim of the
project. Chapter 3 explains the social and technical sustainability considerations of the group and the aircraft.
Chapter 4 describes themarket analysis performed and shows competitor aircraft. Furthermore, a questionnaire
was performed to determine customer demands. Chapter 5 describes the structures design of the Dragonfly,
including battery placement as well as wing- , landing gear-, and fuselage design. Chapter 6 elaborates upon the
aerodynamic design of the Dragonfly. Chapter 7 explains the stability and control implications for the Dragonfly,
and Chapter 8 describes in detail the design of the power and propulsion subsystem. Chapter 9 describes the
design of the training enhancement package. Chapter 10 presents the final design achieved throughout the
process of this DSE and gives an overview of the future of this project. Chapter 11 describes how the Dragonfly
is beneficial to flight schools and describes various business cases. Chapter 12 shows all the risks associated
with the Dragonfly’s design and aims to mitigate them. Finally, Chapter 13 describes the future of this project,
such as the production, operation and distribution. The Functional Flow Diagram (FFD) and the Functional
Breakdown Strcuture (FBS) are included in Appendix A.
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2
Project Objectives
Over the past decades, there has been little change in the way flight schools teach student pilots how to fly.
Neither students nor flight instructors seem to question whether flight training and the path to a student’s PPL,
instrument rating, and beyond, could be made more cost-effective, efficient, or sustainable. The DSE Group 06
would like to revolutionise the way flight training is done by designing an emission-free light trainer aircraft and
a training enhancement package, which aims to improve the flight training experience.
This report describes the final phase of this project in which the chosen design option from the midterm phase
is designed in detail. The designed subsystems include the structures, stability and control, propulsion, aero-
dynamics and the TE package. Furthermore, the business case for the Dragonfly is explored in relation to units
sold, making a non-trainer version of the Dragonfly without the TE package, as well as the future planning of
this project.
The mission need statement for this project has been determined as the following:

Increase the usage of emission-free trainer aircraft in flight schools.

It is important to note that this project is not only focused on making flight training more financially attractive
but also to enhance the sustainability aspect [2]. In a time where global warming is a daily topic, the youth
all around the world is participating in ”Fridays for Future”, and people face ”Flight Shaming”, it is ever more
important to invest into the sustainable future of the aviation industry. The idea of an emission-free aircraft also
includes noise emissions, as heavy noise pollution is one of the biggest criticisms towards the industry [2].
The project objective statement (POS) has thus been determined as the following:

Design an emission-free trainer
aircraft, establishing a justifiable business case for flight schools, by 10 students in 10 weeks.

From an organisational standpoint, this project is divided into five main phases: project planning, project def-
inition, concepts design, final design, and project closure. With this report, the final conceptual design phase
has been completed and the previously determined best design concept [1], has been designed in more detail.
Following this, the closure of the project will occur. This includes preparing a presentation for the DSE sympo-
sium, where all findings and design choices will be presented. Furthermore, a summary for the ”red booklet” of
the DSE will be created so that the Dragonfly design is available for future reference [2].
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Sustainability development strategy
Sustainability is an important factor within each project and for each product. It is a broad aspect of multiple
fields. This chapter covers the social sustainability in Section 3.1 and the technical sustainability in Section 3.2.
The economical sustainability is discussed in Chapter 4 where the performed market research is discussed.
Lastly, the sustainability requirements that followed from the EcoDesign Strategywheel are shown in Section 3.3

3.1. Social Sustainability
A good design can only be achieved if the design team behind it is operating at their maximum potential. This
was achieved by the implementation of sustainable development strategies regarding team building, communi-
cation and teamwell-being. These strategies were set up at the beginning of the project, in the project planning
phase. The list of strategies, taken from [3], is:
� Mandatory lunch break of an hour per day;
� Use non-disposable plates/cups;
� Avoid using paper wherever possible;
� Open constructive criticism atmosphere: everyone is free to provide constructive criticism on everyone

else;
� No strict coffee break times, engineers can take breaks when required;
� Trust based coffee breaks;
� Weekly evaluations regarding team dynamics and process rules.

Themain idea behind all these strategies is that especially while working from home during the COVID-19 crisis,
trust should be the basis of teamwork.
These rules were adhered to relatively well. This was assessed by having extensive evaluation meetings, where
all the team dynamics, role division, scheduling processes, general performance and rules were evaluated.
Halfway through, no significant changes were necessary and all the team members reported a high degree of
satisfaction with the group and the workflow.

3.2. Technical Sustainability
For the technical part of sustainability within this project the EcoDesign Strategy Wheel [4] is used. It has
eight strategies that can be categorised in different levels which are shown below. From these strategies,
requirements were formed which can be seen in Section 3.3.
Global level:
1. Development of a new concept that fills a sustainability gap in the market.

This strategy is implemented by doing a market research which is described in Chapter 4.
System level:
2. Optimise the product’s lifetime;
3. Optimise the system at end-of-life.

Strategy two is implemented by aiming for a lifespan that shall be at least the same as for current trainer air-
craft. These current trainer aircraft last long as an age of 30 years is not uncommon. However by this time
the aircraft has had all kind of revisions such as engine overhauls. With this in mind, one can think of battery
replacements. One could argue that an engine overhaul may not be necessary as it consists out of fewer and
less complicated parts than a conventional piston engine. To implement the third strategy an end-of-life plan is
written in Section 13.1.3.
Component level:
4. Selection of materials that have a low impact on the environment;
5. Material usage reduction.

The selection ofmaterials will be selected based on their environmental impact as well as their engineering prop-
erties. As the unit cost of the aircraft cannot exceed 150k euro compromises had to be made. For this reason,
trade-offs have been performed which can be seen in Section 5.3. The fifth strategy is already implemented in
every aircraft design as weight is one of the most important factors in aviation. The density of materials is an
engineering property and therefore is treated in the material trade-off.
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3.3. Sustainability Requirements

Structural level:
6. Optimise the techniques used during production;
7. Optimise the distribution system;
8. Environmental impact reduction during operation.

Bullet point six is realised by applying leanmanufacturing during production. In the production plan Section 13.2
it is elaborated on this. The seventh strategy is kept as it is as it is of less importance for this project. It is about
how the product will reach the customer. The very last strategy is an important one. In fact, it is already imple-
mented in the mission need statement and the project objective statement, that state that the aircraft should
be emission-free.

3.3. Sustainability Requirements
These sustainable development strategies can also be translated into requirements. The requirements flowing
directly out of the sustainable development strategies are:
� ELTA-SUS-01 - The aircraft concept shall fill a sustainability gap in the market of current trainer aircraft

for initial pilot’s training. This requirement aims to fulfil strategy 1. It also ties heavily into the mission
need statement, promoting the use of emission-free trainer aircraft;

� ELTA-SUS-02 - Thematerials used for the aircraft concept shall be selected based on a trade-off between
material performance, cost and environmental impact. This requirement aims to fulfil strategy 4, 5, and 6.
This requirement also ensures that each material selection process accounts for sustainability, including
production as well as recycling possibilities. As a result, the environmental impact of thematerial selection
is minimized;

� ELTA-SUS-03 - Leanmanufacturing shall be applied during the production of the aircraft concept. Follow-
ing strategy 6, the environmental impact of the production process should be minimized. This is achieved
by implementing the principles of lean manufacturing;

� ELTA-SUS-04 - The aircraft concept lifetime shall be at least the same as current trainer aircraft. In
general, an increase in an aircraft’s lifetime means a reduction in the environmental impact of the aircraft.
This is especially true for electric aircraft, as there are no operational emissions. Therefore, as a baseline,
this requirement is set up to fulfil strategies 2 and 8;

� ELTA-SUS-05 - An end-of-life plan shall be made for the aircraft concept. This requirement exists to fulfil
strategy 3. It is important to think about the destination of the design after its useful life has depleted.
This will ensure that the environmental impact of the product is reduced, especially in the long term, also
after the end-of-life is reached.
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4
Market Analysis
”The following chapter contains the conclusions of a market analysis performed for a zero-emission trainer air-
craft. First in Section 4.1 the different stakeholders are identified. Secondly, in Section 4.2, the segmentation
of the market is presented. In Section 4.3 the competitor analysis is performed. This is followed by an added
value analysis in Section 4.4. Section 4.5 gives predictions of how the market will evolve over time. Thereafter
a SWOT analysis is presented in Section 4.6. The chapter concludes with the performed research in the form of
a questionaire to (student) pilots and instructors in Section 4.7.

4.1. Stakeholder Identification
Different stakeholders can be identified which are listed below.
� Flight schools: The flight schools are buying the aircraft and the TE package;
� Student pilots: The students will fly the aircraft and use the TE package;
� Flight instructors: The flight instructors will teach the students to fly on this aircraft and they will use

the TE package to teach the students;
� Aircraft manufactures: The aircraft manufacture will build the aircraft;
� Aviation safety agencies: The safety agencies will certify the aircraft;
� Airports: The aircraft will operate at an airport;
� Surrounding Residence of Airfields: The people living near the airport will suffer most from aircraft

noise, and therefore will be interested in noise reduction.

4.2.Market Segmentation
In the Netherlands in 2018, there were around 720 registered small aircraft flying around 1. There is only a
limiting amount of zero-emission aircraft on the market which are all powered by electricity. Aircraft that make
use of other technologies (such as hydrogen) are not yet present, because the technology readiness level is still
too low. The downside of electric aircraft is that they generally have a low endurance/range. Also, most of the
time, the required infrastructure at airports to accommodate these aircraft is not present. These are the main
reasons why there is a low demand for electric aircraft in the general aviation market. However, for the market
of trainer aircraft, it might be possible to set up a viable business case for an electric aircraft. This can be done
by including an enhanced training package, which increases the efficiency of the training, and which includes
options that can not be implemented in conventional trainer aircraft.
In the Netherlands, there are about 23 flight schools that offer pilot training on ”regular” aircraft. In total, these
flight schools own around 110 aircraft, used for training2. This is amarket share of around 15%of the total num-
ber of small aircraft. On average half of the trainer aircraft are only VFR certified and half are also IFR certified.
In Europe and the United States there are around 60,000 [5] and around 213,000 [6] small aircraft flying around
respectively. If it is assumed that the market share of 15% for trainer aircraft also holds for Europe and the
United States, the number of trainer aircraft in Europe is around 9,000 and in the United States around 32,000.
If it is also assumed that the fractions of VFR and IFR certified can be applied to these numbers then the number
of VFR (and also IFR) certified aircraft in Europe will be around 4,500 and in the United States around 16,000.

4.3. Competitor Analysis
Before starting on the design of this electric aircraft, a competitor analysis needs to be done to ensure the
product will be able to compete with the status quo. This is done by analysing the current market of current
zero-emission and current conventional trainer aircraft in Section 4.3.1.
4.3.1. Current Aircraft
Current Zero-Emission Aircraft
In total, three existing or near-release aircraft were found that fit the description of a light zero-emission aircraft.
These can be found in Table 4.1. Note that only electric battery-powered examples have been included, as other
technologies (such as hydrogen) are not yet present in state-of-the-art aircraft as of early 2020, or are in a too
low technology readiness level to consider realistic.
As apparent from the table, the average endurance of a zero-emission aircraft is significantly lower than that
1URL https://www.cbs.nl/nl-nl/maatschappij/verkeer-en-vervoer/transport-en-mobiliteit/
infra-en-vervoermiddelen/vervoermiddelen/categorie-vervoermiddelen/vliegtuigen-en-binnenschepen,
LA 13-5-2020
2Based on the information on the websites of the flight schools
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4.4. Added Market Value

of a conventional fuel-powered aircraft. Particularly the Alpha Electro suffers from this limitation. The eFlyer
series, on the other hand, features an endurance closer to that of conventional aircraft. However, these aircraft
cost approximately twice as much as conventional trainer aircraft.

Table 4.1: Current Zero-Emission Aircraft

Alpha Electro3 eFlyer 24 eFlyer 44
Endurance [h] 1 3.5 4
Range [nm] 75 - -
Max speed [kts] 100 120 120
Weight [kg] 550 862 1225
Cost [€K] 65-875 2656 3576
Operating cost [€/h] 237 (1 for electricity) 13 (2.76 for electricity)8 18
Recharge time [min] 459 208 -
Number built 500+10 1 0

Current Trainer Aircraft
Three aircraft that are commonly used by flight schools have been identified. These can be found in Table 4.2.
This information shows that the average endurance of a petrol aircraft ismuch higher than that of electric aircraft
at a relatively lower price, while also boasting slightly higher average speeds. Even though this may seem like
tough competition, a significant downside to these aircraft are the much higher operating costs compared to
electric aircraft. This may offset the downsides of electric aircraft. Further analysis of how this may be done can
be found in Section 4.4. Table 4.2: Current Trainer Aircraft

Cessna 172 Skyhawk11 Piper PA-28 Archer TX12 Tecnam P200213
Endurance [h] 5.1 5.514 15 5.8
Range [nm] 640 522 582
Max speed [kts] 124 128 131
Weight [kg] 1157 975 600
Cost [€K] 175 370 135 [7]
Operating cost [€/h] 90-18016 7017 15018
Refuel time [min] ≈ 5 ≈ 5 ≈ 5
Number built 43,000+19 32,000+20 ≈ 33021

4.4. Added Market Value
This section follows up on the information from Section 4.3 to elaborate on what value the electric aircraft in
question should bring to the market in order to be competitive. This is done for the aircraft itself in Section 4.4.1
and for the training in Section 4.4.2.
4.4.1. Value Over Current Aircraft
Value Over Current Electric Aircraft
Potential customers, mostly CFI’s, expressed how the lack of proper infrastructure has so far withheld them from
using zero-emission aircraft. In particular, flying between airports is extremely difficult with the lack of range,
3URL https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha-electro/#tab-id-2, LA 30-04-2020
4URL https://www.aerospace-technology.com/projects/sun-flyer-2-electric-aircraft/, LA 30-04-2020
5URL https://www.pipistrel-prices.com/alpha-trainer/, LA 30-04-2020
6URLhttps://www.ainonline.com/aviation-news/business-aviation/2018-10-18/bye-pitches-electric-aircraft-charter,
LA 30-04-2020
7URLhttps://www.flyingmag.com/pipstrel-alpha-electro-coming-to-us-flight-training-market-next-year/,
LA 18-05-2020
8URL https://byeaerospace.com/sun-flyer-2-on-the-road-to-certification/, LA 30-04-2020
9URL https://www.pipistrel-aircraft.com/the-alpha-electro-is-getting-established-in-switzerland/, LA
29-04-2020
10URL https://www.pipistrel-aircraft.com/aircraft/flight-training/alpha/, LA 14-05-2020
11URL https://cessna.txtav.com/en/piston/cessna-skyhawk#_model-specs, LA 30-04-2020
12URL https://www.piper.com/model/archer-tx/, LA 30-04-2020
13URL https://www.tecnam.com/aircraft/p2002-jr/, LA 30-04-2020
14URL https://europeanaircraftsales.com/piper-dealer/piper-archer-lx-dx/, LA 30-04-2020
15URL https://cutteraviation.com/cutter-piper-sales/aircraft/piper-archer-tx-trainer-pa-28-181/, LA
30-04-2020

16URL https://bwifly.com/cessna-172-operating-cost/, LA 30-04-2020
17URL https://wikiwings.com/2014/03/14/pa28-piper-archer-flight-expense-calculator/, LA 30-04-2020
18URL https://www.aeroclubvarese.it/en/fleet/tecnam-p2002jf-acvs/, LA 30-04-2020
19URLhttps://www.bbc.com/future/article/20170302-the-plane-so-good-its-still-in-production-after-60-years,
LA 14-05-2020

20URL http://www.flugzeuginfo.net/acdata_php/acdata_pa28_en.php, LA 14-05-2020
21URL http://www.rnsa.is/media/4572/tf-ifc-air-accident-final-report.pdf, LA 14-05-2020
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4.5. Prediction Of Future Market

which adds the disadvantage of having to transport the plane by truck for maintenance, and refuelling/recharg-
ing requires infrastructure currently not present at most airports. To make the zero-emission aircraft in question
feasible, the following functions can be defined.
� ELTA-FUN-MAR-01 - The range of the aircraft should be such that the aircraft is able to travel between

airports of decent size. This was more exactly defined as airports with a 4-digit ICAO code, within Europe.
Using sample measurements of airport distances across the continent, this resulted in a required range
(which is highly correlated to the endurance) of 250km. Interpolating between the endurance and cost
of the Alpha Electro and the eFlyer 2, it was found that a range of 250km and a maximum cost of €150K
corresponds to an endurance of 2 hours;

� ELTA-FUN-MAR-02 - The aircraft should be able to be refuelled/recharged on airports of decent size,
using the presently available infrastructure. If the aircraft can fly between these airports, it is also nec-
essary to be able to refuel/recharge them. Using existing infrastructure reduces the cost and the effort
needed to construct this infrastructure;

� ELTA-FUN-MAR-03 - The aircraft should be able to undergo maintenance at decent size airports. This
means that the aircraft should be able to undergo maintenance at conventional maintenance facilities. In
this way, the aircraft can be flown to the airport where it will undergo maintenance instead of transporting
the aircraft by truck (the aircraft needs to be disassembled for transport by truck);

� ELTA-FUN-MAR-05 - The aircraft should fly like a conventional aircraft. When a student pilot learns
to fly on a trainer aircraft, this trainer aircraft should represent a conventional aircraft. Therefore, the
pilot will be able to fly on most conventional aircraft without any problems and no additional training on a
conventional aircraft is needed. This makes it more feasible for flight schools to use this aircraft.

Value Over Current Conventional Trainer Aircraft
As mentioned in Section 4.3, conventional aircraft have much better endurance for a lower listing price, and
due to limitations of current electric technology, this is difficult to offset. However, electric aircraft have much
lower operating costs than petrol costs. This fact could be used to make zero-emission aircraft more financially
feasible for customers. This resulted in the following function.
� ELTA-FUN-MARK-04 -The aircraft should bemore financially feasible for customers. Using aworst-case

scenario analysis, itwasdetermined that anemission-freeaircraft shouldbeable toperform6hoursof flight
training for an 8 hour day to become financially feasible for a flight school. In combinationwith a 2-hour en-
durance, this results in a required recharge time of 40minutes. This worst-case scenario took into account
a periodic propulsion replacement cost of €5,000per 1,000hours and apeak operating cost of €50per hour.

4.4.2. Additional Training Value
To ”Increase the usage of emission-free trainer aircraft in flight schools” [3], the aircraft needs to be more eco-
nomical than existing aircraft. On top of this, the training enhancement package shall make the training more
efficient, so that students can learn more in the same amount of time. For a flight school to financially profit
from this, it is important to evaluate the profit that the flight school makes with every type of flight training. For
example, if the flight school can charge almost the same amount of money for a flight lesson in a flight simulator,
then the flight school will make a higher profit for this hour of flight training. Furthermore, if the aircraft can be
used as a training aircraft without the instructor on board, then the instructor may be able to oversee several
flight students from the ground and intervene in emergencies, whilst training more students at once than would
be possible if he had to sit in the aircraft with the student. Furthermore, with the ability to simulate other aircraft
with the TE package, it is possible to train on a more expensive to operate aircraft without actually needing that
aircraft. This provides huge benefits to flight schools as they can own only one type of aircraft, but train flight
students to fly several different makes and models of aircraft.

4.5. Prediction Of Future Market
As mentioned earlier, the current market for trainer aircraft is highly dominated by aircraft that use petroleum-
based fuel. However, for a couple of years, some aircraft manufactures started designing aircraft with zero-
emissions. The main focus is on the use of electricity and the use of hydrogen. At this moment there are already
some of these designs flying around. However, the performances of these zero-emission aircraft are in most
cases not comparable to the performances of conventional aircraft. For electric aircraft that are already on the
market, the endurance and range are themost important limiting factors, while the design of hydrogen-powered
aircraft is still in an early stage. Next to the limiting performances of the new zero-emission aircraft, the infras-
tructure at airports to recharge/refuel and maintain the aircraft is most of the time not present. This makes it
for flight schools currently not feasible to use these zero-emission aircraft.
The innovation on these alternative sources of power, however, has not stopped. It can be expected that the
performances of these zero-emission aircraft will increase. Examples of this are the eFlyer 2 and 4. Compared
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4.6. SWOT Analysis of Target Market

to the Alpha Electro, which is already on the market, the endurance has increased significantly 22 23. There is
also progress on the infrastructure, needed to facilitate these aircraft. For example, Groningen Airport Eelde
installed a charging station for electric aircraft24. Taking these innovations into account, it is expected that in
the future the zero-emission aircraft will slowly take over the role of the conventional aircraft.
Until the zero-emission aircraft becomes feasible for flight school based on their flight performances, flight
schools should zero-emission aircraft with the current technology. Therefore these aircraft must be made fea-
sible in a different way, for example using training enhancement. Thus this project aims to find a ”temporary”
solution for flight schools to make it feasible to use zero-emission aircraft until the flight performances are com-
parable to the flight performances of the current trainer aircraft. Of course, this does not mean that the training
enhancements are not an opportunity to permanently improve the training of new pilots.
Currently, the zero-emission aircraft market is sparse. Only 3 current light airplaneswere identified in themarket
analysis in Section 4.3. Only two of these, which are different iterations of the same aircraft, are competitive
with the current fuel-based light aircraft market. However, these are not freely available to the market yet and
may be costly to purchase for the average flight school. This emission-free aircraft may be able to establish a
leading position in a market in affordable, financially feasible, emission-free training aircraft. Additionally, no
hydrogen aircraft are as of yet available on the market.

4.6. SWOT Analysis of Target Market
The observations in this chapter have been combined into a SWOT analysis in Table 4.3.”[2]

Table 4.3: Analysis of the internal (Int.) Strength & Weaknesses and external (Ext.) Opportunities & Threats.

Strengths Weaknesses
Int.

S1. Low operating costs make the product
financially attractive W1. Lack of infrastructure to support product

Opportunities Threats
Ext.

O1. Low presence of competitors2. Opportunity to be on the forefront of the
sustainable aviation revolution.

3. In case of an electric aircraft: improving
battery technology could make a higher
capacity battery upgrade possible

T1. Potentially conservative customer base maylack interest in new type of propulsion.
2. Technology developing at a high rate may
result in the product becoming obsolete
within a few years.

4.7. Primary Research
A questionnaire was performed to find out more about the views on electrical aircraft by potential customers.
An extensive explanation of the questionnaire can be found in Section 9.4.
4.7.1. Questionnaire
The questionnaire contained one section on the market analysis, in which the questions were structured as
follows. First, the participants were asked whats features are most important to them in a trainer aircraft. They
were allowed to choose amaximum of three of the following answers, or add their own option: operational cost,
noise, handling, looks, endurance/range and added training effectiveness.
Following this, partakers were asked, ”If you were to buy/fly a trainer aircraft in the near future, would you
consider an electrical aircraft?”. Based on their answer to this question (yes or no), they were asked why they
would or would not buy/fly an electrical aircraft. The answer options if they selected ”yes” were lower oper-
ational costs, sustainability, noise emissions, added training effectiveness added by the electrical engines and
other, for which they were able to specify a custom answer. If they selected that they would not consider buying
or flying an electrical aircraft, the answer options were scepticism on new technology, not believing electrical
aircraft are suited for flight training, low operational costs not being a priority and finally ”other”, for which the
participants could enter a custom answer.
Furthermore, participantswere askedwhat themaximumappropriate price for an electrical trainer aircraft would
be in their opinion. The results of this will aid in determining a valid market price for the Dragonfly.
22URL https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha%2Delectro/#tab%2Did%2D2, LA
29-04-2020

23URL: https://www.aerospace-technology.com/projects/sun%2Dflyer%2D2%2Delectric%2Daircraft/, LA 29-04-
2020

24URL https://www.groningenairport.nl/actueel/groningen%2Dairport%2Deelde%2Deerste%2Dluchthaven%
2Dmet%2Delektrische%2Dlaadpaal%2Dvoor%2Dvliegtuigen, LA 29-04-2020
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4.7. Primary Research

4.7.2. Results
The results of the market analysis questionnaire - as explained in Section 4.7.1 - are shown in this subsection.
In total, 118 responses to the questionnaire were received via Google forms.
According to this study, the most important features of a trainer aircraft are by far handling and operational
cost. Eighty-seven per cent of participants responded that both handling and operational cost are important
to them. Thirty-nine per cent of participants considered the added training enhancement as important and
twenty-three per cent considered endurance/range as important. Only 1.5% of people considered looks im-
portant. Options that were added by people (and subsequently only had one vote) included: safety, seating
comfort, standardisation (similarity to other trainer aircraft) and good visibility.
When asked whether or not they would buy or fly an electrical aircraft in the near future, 64.2% of people
responded with yes. Of the 76 people that would consider an electrical aircraft, 48 are interested due to low op-
erational costs and 46 like the sustainability aspect. Twenty-nine respondents saw the benefit in the lower noise
emissions, while 18 people liked the benefits of the electrical engine when considering added training effective-
ness. Some custom answers that people included were reliability and maintainability of the engine, curiosity to
try new technology, preparing students for the future and the simplicity of operating an electrical aircraft.
The participants that would not consider buying an electrical aircraft had the following reasoning. Most people
that answered this entered custom answers, so the most important aspects that were mentioned by several
people have been filtered out and summarised. Around one-third of the 42 people who selected that they would
not buy an electrical aircraft are sceptical about the new technology. Several people are afraid of malfunctions
during flight, others do not deem it feasible to learn on an electrical aircraft and then fly combustion engine
aircraft, as there is no engine noise, only a power lever etc. Many people are also worried about charging times
and the availability of chargers at airports. Furthermore, a lot of participants are afraid the technology isn’t
advanced enough yet but would be interested in buying an electrical aircraft as technology advances and higher
endurance can be achieved.
Finally, the participants answered a question on the acceptable cost of this aircraft and the results were very
spread out. The results of this can be found in Figure 4.1

Figure 4.1:
”What is the maximum price you would consider appropriate for an electrical light trainer aircraft, certified within CS-VLA?”, 118 responses

The proposed price for the Dragonfly is no higher than 150 000€, which correlates with almost half of the
respondent’s answers, as they responded 150 000€ or higher.
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5
Structures
The structures subsystem ties everything together. It is comprised of the wing, fuselage, landing gear, empen-
nage, control surfaces, and thrust structures. Due to the time constraints of the project, priorities had to be set
about which subsystems were to be designed in detail. This is done in Section 5.1. Next, the functional analysis
is done in Section 5.2. Here, also functional requirements are set up. Next, thematerial options are investigated
in Section 5.3. Then, the battery placement is analysed in Section 5.4. After the battery, the wing is designed in
Section 5.5. After thewing is designed, the fuselagewill be designed. This is done in Section 5.7. Then, the land-
ing gear is designed in Section 5.8. Finally, the compliance with the requirements is investigated in Section 5.9.

5.1. Prioritising Subsystems
Due to the restricted time of the project, not all structures of the aircraft could be analysed. This means that
some subsystems needed to be prioritised. These prioritised subsystems have been analysed in as much depth
as the limited time of the project allows. All other subsystems that were not considered to be a priority were
sized using preliminary methods.
The subsystems that were prioritised were determined by doing a small qualitative trade-off as a selection pro-
cedure. The subsystems that were investigated were wing, fuselage, ailerons, flaps, horizontal tail (H. Tail),
elevator, vertical tail (V. Tail), rudder, landing gear, and thrust structure. The trade-off was based on their
impact on the following criteria flight performance, training, electrical system, control, cost, special certifiability,
and RAMS. Instead of doing a numeric investigation for all these criteria, the subsystems were only scored
qualitatively based on their expected impact on the criteria. This was done to prioritise the available scheduling
resources on the actual design itself.
From the selection process, the subsystemswith the highest impacts on average on all subsystemswere deemed
to be a priority. This trade-off can be seen below in Table 5.1.

Table 5.1: Subsystem priority trade-off, H = High, M = Medium, L = Low

Subsystem Wing Fuselage Ailerons Flaps H. Tail Elevator V. Tail Rudder Gear Thrust
Struct.

Flight
performance H M H H M H L M M L
Training H M H H L M L M H L
Electrical
System M H L L L L L L L H
Control M L H M M H M H L M
Cost H H L L M L M L M M
Special
certifiability M H L M L L L L M H
RAMS H H L L M L M L H M

As it may be seen from the trade-off, the subsystems that are to be prioritised are the wing and the fuselage.
In reality, all of these subsystems would be analysed in detail, but because of the time limit of the project that
is not possible. Furthermore, as it may be seen from Table 5.1, the trade-off was not done quantitatively. This
is once again due to the time restriction put on the project. It is clear that the wing and the fuselage have a
big impact in several criteria, and substantially more than other subsystems. Hence, doing further analysis and
going into numbers is highly unlikely to change the outcome of the selection. Finally, the wing and fuselage
also have the highest weight of all the subsystems and are hence also very important for the performance of
the complete aircraft.
5.1.1. Budgeting
All the structures have to have constraints, in order to ensure compliance with system-wide requirements, such
as the maximum take-off weight. For this reason, the structural components need to have a target weight,
assigned from a mass budget. After preliminary investigations, a mass budget was derived. This mass budget
was tweaked throughout the design process.
The same holds for the cost budget. A preliminary cost budget was set up. After further developments and
design decisions, the budget was constantly updated. Things that are included are for example a fixed cost
for the motor, as an off-the-shelf motor was selected (the reasoning for this will be explained in Section 8.4).
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Another point of note is that the budget for all the structures, including the power train, was merged under a
single entry. This is because themethod to estimate these costs combine the total material costs, manufacturing
costs, labour hours etc. into one estimate.
The final budget table can be found in Table 5.2.

Subsystem Item Mass budget [kg] Cost budget [kUS$]
Payload Payload 200 0
Battery Battery 198 30
Propulsion Motor 30 8

Propeller 12 6.5
Power train 5 -

Structures Fuselage 115 70
H. Tail 12 -
V. Tail 8 -
Wing 100 -

Other Avionics 36 10
TE package 34 30

Subtotal Subtotal (excl. TE) 716 124.5
Insurance - 17.25

Totals Total 716 141.75
Total incl. TE 750 171.75

Table 5.2: Aircraft mass budget

Apart from mass and cost budgets, also some design parameters were fixed after the previous phase of the
project. These included the clean configuration zero lift drag coefficient, the oswald efficiency factor, and the
propeller efficiency. This was done in order to meet the take-off requirement. These were set at 0.028, 0.83
and 0.88, respectively.

5.2. Functional Analysis and Requirements
In this section, the functional requirements that all the aircraft structural subsystems must comply to will be
analysed. This will be done in more detail for the subsystems that are to be prioritised, namely the wing, fuse-
lage, and landing gears. In each section, first, a brief functional analysis, following from the FFD in Appendix A,
is conducted. Based on this, functional requirements were set up. These are listed after the functional anal-
ysis, together with the reasoning behind each requirement. It is important to note that only the requirements
that are relevant to the structural analysis of the subsystems are included, as each subsystem has many more
non-structural related requirements.
5.2.1.Wing
As previously mentioned, the wing is considered to be a priority in the structural analysis. The main function of
the wing is to provide sufficient lift to the aircraft in all phases of flight. This means that sufficient lift shall be
provided during take-off, cruise and landing. Furthermore, the wing shall not break under critical loading. The
wing shall have the ability to house control surfaces such as ailerons and high lift devices such as flaps. The wing
shall be attached to the fuselage of the aircraft. Furthermore, the wing shall be sized and positioned to permit
entry into the cockpit by the pilots. Lastly, the wing shall comply with CS-VLA requirements. The requirements
that the wing must adhere to are listed below, as well as the reasoning behind each requirement.
� ELTA-W-04 - The wing shall house the ailerons. This requirement was set up because the ailerons are

attached to the wing;
� ELTA-W-05 - The wing shall house the flaps. This requirement was set up because the flaps are attached

to the wing;
� ELTA-W-06 - The wing shall provide potential battery storage volume. This requirement was set up

because of the need of battery storage;
� ELTA-W-07 - The wing shall provide the lift to sustain flight in all flight conditions within the flight enve-

lope. This is due to the fact that the aircraft must have the ability to fly anywherewithin the flight envelope.
From the flight envelopes, it can be seen that thewing shall be able to sustain the loads of 4.45g and -2.45g;

� ELTA-W-08 - The wing shall be attached to the fuselage. This requirement results from the fact that the
wing will be attached to the fuselage;

� ELTA-W-09 - The wing shall not bend more than 0.1 of the wing span at maximum positive and neg-
ative loads. This requirement stems from the fact that the bending of the wing affects the aerodynamic
characteristics of the wing in a deteriorating manner. Therefore, a maximum value needs to be defined;

� ELTA-W-10 - The wing shall be maintainable. The aircraft is intended to be in operation for a long
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duration, and hence the wing must be maintainable should any problems arrive;
� ELTA-W-11 - Thewing shall have two spars. The requirement was set up because wing spars are needed

within the wing;
� ELTA-W-12 - The wing shall allow the pilot to enter the cockpit. The wing needs to permit entry into the

cockpit by the pilots.
� ELTA-W-18 - The wing shall not exceed a mass of 100 kg. This requirement flows from the engineering

budget in Section 5.1.1;
� ELTA-CS-STR-02 - A safety factor of 1.5 shall be used for each structural component. This requirement

serves to comply with certification specifications on aircraft structures;
� ELTA-CS-STR-03 - The allowable stress level shall be lower than the ultimate stress of thematerial. This

requirement serves to comply with certification specifications on aircraft structures.
5.2.2. Fuselage
The fuselage is the second subsystem that was designed in more detail, apart from the wing. The main function
of the fuselage is that it shall provide a safe, enclosed environment for its occupants. Besides that, it should
transfer and carry loads coming from different components, such as the engine or the wing. Next to that, it
should connect the different components together, acting as the backbone of the aircraft. Additionally, it should
have enough storage space for luggage and it should be shaped aerodynamically. It is also important that the
fuselage allows for sufficient space for the training enhancement package. The requirements that the fuselage
must comply to structurally are listed below, as well as a brief description about the origin of each requirement.
� ELTA-CS-FUS-01 - The tail upsweep angle shall be such that the aircraft is able to rotate to its clean stall

angle of attack. This requirement serves to satisfy fuselage requirements in CS-VLA;
� ELTA-CS-FUS-02 - The cockpit width shall be 101 cm as a minimum. This requirement serves to satisfy

fuselage requirements in CS-VLA;
� ELTA-CS-FUS-03 - The cockpit height measured from floor to ceiling shall be 112 cm as a minimum.

This requirement serves to satisfy fueselage requirements in CS-VLA;
� ELTA-CS-FUS-04 - The pilot shall be able to look as a minimum 5 degrees downward over the nose of

the aircraft. This requirement serves to satisfy fuselage requirements in CS-VLA;
� ELTA-CS-FUS-05 - The pilot shall be able to look outside the aircraft as a minimum 135 degrees to the

right and left. This requirement serves to satisfy fuselage requirements in CS-VLA;
� ELTA-CS-FUS-06 - The pilot shall be able to look outside the aircraft as a minimum 30 degrees up and

down using the side window. This requirement serves to satisfy fuselage requirements in CS-VLA;
� ELTA-FUS-01 - The fuselage shall be designed to provide enough space for the training enhancement

package. The in-flight training enhancement package will be placed within the fuselage, and hence the
fuselage should provide the required space;

� ELTA-FUS-02 - The fuselage shall be able to carry two passengers while flying at the maximum load
factor. The aircraft fuselage shall not break under extreme loading, as this would likely lead to fatalities;

� ELTA-FUS-03 - The fuselage shall provide space for the motor in the nose of the aircraft. The motor
will be placed in the nose of the aircraft, behind the propeller. Therefore, the fuselage should provide the
required space in the nose;

� ELTA-FUS-04 - The fuselage shall be able to withstand the loads on its structure, caused by aerodynam-
ics, ground loads, propulsion, emergency parachute, and gravity. This once again stems from the fact
that the fuselage must not break under all loads that will be encountered;

� ELTA-FUS-05 - The fuselage shall be designed to provide enough space for the avionics. The avionics
will be placed inside the cockpit, which is located inside the fuselage. Therefore, the fuselage shall provide
enough space for these avionics;

� ELTA-FUS-06 - The fuselage shall connect all the primary subsystems of the aircraft together. This re-
quirement stems from the fact that the propeller, wing, horizontal tail and vertical tail will all be attached
to the fuselage;

� ELTA-FUS-07 - The fuselage shall be able to carry two passengers side by side. This requirement stems
from the user requirement ELTA-USER-PERF-02, which states that the aircraft shall have a capacity
for 2 occupants. These occupants will be located within the fuselage, and hence there must be enough
space for these occupants within the fuselage. In order to assist the training procedures, the pilots shall
be seated next to each other;

� ELTA-FUS-08 - The fuselage shall be designed to provide enough space for the batteries. This require-
ment stems from the fact that the batteries will need to be located somewhere within the aircraft. The
location of the batteries has not been decided upon as of this moment, if the batteries do not end up being
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positioned inside the fuselage, this requirement will be scrapped;
� ELTA-FUS-09 - The fuselage shall not exceed a mass of 115 kg. This requirement flows from the engi-

neering budget in Section 5.1.1;
� ELTA-CS-STR-02 - A safety factor of 1.5 shall be used for each structural component. This requirement

serves to comply with structural requirements of CS-VLA;
� ELTA-CS-STR-03 - The allowable stress level shall be lower than the ultimate stress of thematerial. This

requirement serves to comply with structural requirements of CS-VLA;
� ELTA-CS-STR-05 - Each seat and its supporting structure shall be designed for occupants weighing at

least 86 kg. This requirement serves to comply with structural requirements of CS-VLA.
5.2.3. Landing Gear/Undercarriage
Another important subsystem is the landing gear. The primary function of the undercarriage is to support the
aircraft on the ground. This extends into taxiing, take-off, and landing operations. It should make sure that the
aircraft is stable on the ground. The undercarriage also provides steering capabilities, and adds braking func-
tionality. Whilst in the air, the landing gear should produce as little drag as possible. The structural requirements
that the undercarriage shall comply with are given below, with a brief description of the requirement.
� ELTA-FLT-06 - Themain landing gear shall be positioned such that the aircraft will not tip over at its most

rear centre of gravity. This requirement was created because the aircraft shall not tip over when on the
ground;

� ELTA-FLT-07 - The main landing gear shall be positioned such that the aircraft will be able to pitch up
15 degrees while on the ground without a tail strike. This requirement was based on conventional values
for similar aircraft [8];

� ELTA-FLT-08 - The line through the aft-most c.g. location and the main landing gear shall be oriented at
least 5 degrees from vertical. This requirement was based on conventional values for similar aircraft [8];

� ELTA-FLT-09 - The landing gear shall provide braking capabilities while the aircraft is on the ground. The
requirement stems from the fact that the aircraft will need to have a breaking system required for slowing
down the aircraft when needed or rapid turns on the ground;

� ELTA-FLT-10 - The landing gear shall provide steering capabilities while the aircraft is on the ground.
This requirement stems from the fact that the aircraft will need to perform turns during taxi;

� ELTA-CS-FLT-20 - The nose wheel shall carry at least 8% of the aircraft weight with themost rear centre
of gravity. This requirement serves to comply with the CS-VLA.

5.2.4. Horizontal Tail
The horizontal tail was not prioritised for analysis, and was only looked at using preliminary methods. The
horizontal tail provides the lift required to stabilise and control the aircraft. It should provide the functionality
to be able to trim the aircraft. It should also have an elevator that is controllable by the pilot. It should be able
to generate both negative and positive lift, while keeping the drag as low as possible at all times. It should
be attached to the fuselage of the aircraft at the tail. The structural requirements that the horizontal tail shall
comply with are presented below, with a brief description on the requirement.
� ELTA-W-HT-01 - The horizontal tail shall house the elevators. The elavators will be placed on the hor-

izontal tail;
� ELTA-W-HT-02 - The horizontal tail shall be trimmable. It is possible that the horizontal tail will be an

elevator in itself. In that case, the horizontal tail would need to be trimmable;
� ELTA-W-HT-03 - The horizontal tail shall provide both positive and negative lift as required. This re-

quirement was set up to ensure that that horizontal tail will be able to change the pitch of the aircraft;
� ELTA-W-HT-04 - The horizontal tail shall be able to sustain all loads imposed on it within the flight enve-

lope. This requirement stems from the fact that when flying under critical loading, the horizontal tail may
also encounter critical loads. Therefore, the horizontal tail shall be able to carry these loads;

� ELTA-W-HT-05 - The horizontal tail shall be attached to the fuselage. The requirement stems from
the fact that the loads need to be transferred from the tail to the aircraft. This is done by attaching the
horizontal tail to the fuselage;

� ELTA-W-HT-07 - The horizontal tail shall be maintainable. This aircraft is intended to be in operation for
an extended amount of time. This means that should any problems arise on the horizontal tail, it needs
to be accessible for maintenance;

� ELTA-W-HT-08 - The horizontal tail shall have two spars. This requirement stems from the fact that
spars are needed within the horizontal tail for functionality;

� ELTA-CS-STR-02 - A safety factor of 1.5 shall be used for each structural component. This requirement
serves to comply with CS-VLA;
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� ELTA-CS-STR-03 - The allowable stress level shall be lower than the ultimate stress of thematerial. This
requirement serves to comply with CS-VLA.

5.2.5. Vertical Tail
The last subsystem is the vertical tail. The vertical tail was also not considered to be a priority for analysis. The
vertical tail functions are similar to that of the horizontal tail. It should provide a control force that is required to
stabilise and control the aircraft. It should have a rudder, controllable by the pilot. It should be able to generate
lift in both directions, while keeping drag low. It should be attached to the fuselage of the aircraft at the tail.
The structural requirements that the vertical tail shall comply with are given below, with a brief description of
the requirements.
� ELTA-W-VT-01 - The vertical tail shall house a rudder. This requirement stems from the fact that the

rudder shall be positioned on the vertical tail;
� ELTA-W-VT-02 - The vertical tail shall provide both positive and negative lift as required. This require-

ment was set up to ensure that that vertical tail will be able to change the yaw of the aircraft;
� ELTA-W-VT-03 - The vertical tail shall be able to sustain all loads imposed on it within the flight enve-

lope. This requirement stems from the fact that when flying under critical loading, the vertical tail may
also encounter critical loads. Therefore, the vertical tail shall be able to carry these loads;

� ELTA-W-VT-04 - The vertical tail shall be attached to the fuselage. The requirement stems from the fact
that the loads need to be transferred from the tail to the aircraft. This is done by attaching the vertical tail
to the fuselage;

� ELTA-W-VT-06 - The vertical tail shall be maintainable. This aircraft is intended to be in operation for
an extended amount of time. This means that should any problems arise on the vertical tail, it needs to
be accessible for maintenance;

� ELTA-W-VT-07 - The vertical tail shall have two spars. This requirement stems from the fact that spars
are needed within the vertical tail for functionality;

� ELTA-CS-STR-02 - A safety factor of 1.5 shall be used for each structural component. This requirement
serves to comply with CS-VLA;

� ELTA-CS-STR-03 - The allowable stress level shall be lower than the ultimate stress of thematerial. This
requirement serves to comply with CS-VLA.

5.3.Material Selection
A design is heavily influenced by the materials that are used. Hence, before a design can bemade, the materials
to be used have to be selected. For this, the method outlined by Ashby [9][10] was be used. The strategy
has four steps: translation of design requirements, screening using constraints, ranking using objectives, and
seeking documentation.
Translation of design requirements means expressing the functional aspects and requirements of components
and subsystems asmathematical functions, constraints, objectives, and free variables asmuch as possible. This
is done in Section 5.3.1. Screening the materials using the constraints entails eliminating unfeasible material
options. The next step is ranking the materials using the objectives, which is done via a trade-off. Then, doc-
umenting the resulting materials and doing further research on them is the final step. These three steps are
done in Section 5.3.2. The final step is making a final material choice. However, as the final decision is highly
related to the design process itself, this was done in Section 5.5 and Section 5.7.
5.3.1. Primary Load Cases
The aircraft and its subsystems have many different components. On these components, unique loads and
load cases are imposed. As a result, a single optimal material choice does not exist for the complete aircraft.
Therefore, after some general remarks regarding selection criteria and translation of requirements, several
components of the structures that were to be designed in detail were analysed individually.
General Considerations
All components need to be manufacturable. Due to the relatively high manufacturing costs with respect to the
total aircraft unit price (48%, following the midterm report[1]), the costs of manufacture for the specific mate-
rials also need to be relatively low. Materials need to withstand wind and weather practically without corrosion,
and need to be maintainable.
Furthermore, a high degree of significance is given to sustainability of the materials. This shall take into account
several sustainability considerations, including, but not limited to, scarcity of materials, emissions during mate-
rial processing and production, recyclability, and possible impact on communities at the source of the material.
Next to these, the most important criterion is that the weight shall be minimised, while being able to carry the
loads. In order to achieve this, a high ratio of stiffness over density is favoured. However, the specific ratio
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that is critical for minimising the weight depends on the specific critical load case of every component. Hence,
the most important material indices for each component is identified first. The results of this can be found in
Table 5.3. This table will be explained in the following subsections.

Table 5.3:
Components, critical load cases, and corresponding material indices of the fuselage and wingbox. Material indices taken from Ashby [10].

Component Critical load case Material index

Wing skin Compression (plate buckling) 𝐸Ꮃ/Ꮅ/𝜌
Wing spars Bending 𝐸/𝜌
Wing ribs Bending 𝐸/𝜌

Wing stringers Compression (column buckling) 𝐸Ꮃ/Ꮄ/𝜌
Fuselage longerons Compression (column buckling) 𝐸Ꮃ/Ꮄ/𝜌
Fuselage stringers Compression (column buckling) 𝐸Ꮃ/Ꮄ/𝜌
Fuselage frames Bending 𝐸/𝜌
Fuselage skin Bending 𝐸/𝜌

Torsional shear 𝐺/𝜌
Compression (plate buckling) 𝐸Ꮃ/Ꮅ/𝜌

Stiffened Panels
The aircraft will have a semi-monocoque design, with the skin of the aircraft partially carrying the loads. How-
ever, in many cases, a skin on its own is not able to withstand the required loads while being low-weight. This
is especially the case for panels in compression, where buckling is generally the critical failure mode. Hence,
stiffeners, sometimes called stringers, are added. Using this configuration, the main function of the stringers
is to carry compression loads, while the skin’s main function is to carry the aerodynamic loads into the ribs and
spars. At the underside of the wingbox, the aerodynamic loads are mainly tensile in normal flight conditions,
however, in case of the minimum load factor of -2.81[1], this panel will also be in compression, while the top
plate will be in tension. Hence, both failure modes were analysed.
The main objective of each component is to minimise the mass within the given constraints. This is achieved in
the material selection process using material indices. The process of obtaining these is by highlighting the anal-
ysis of a column in compression, where the failure mode is buckling. Here, the mass of a constant cross-section
component can be calculated using:

𝑚=𝐴𝑙𝜌 (5.1)

For a given cross-sectional shape, only the area of the cross-section is a free variable. 𝜌 is a material prop-
erty, and 𝑙 is fixed, based on geometric constraints. To predict the critical buckling stress, a Johnson-Euler
approximation is used, based on Megson (2014)[11]. For Euler buckling, it follows that

𝜎፜፫=
𝜋ኼ𝐸

(𝐿፞/𝜌፠)ኼ
(5.2)

where 𝜌፠ is the radius of gyration, defined as:
𝜌ኼ፠=𝐼/𝐴 (5.3)

Here, 𝐼 = 𝐴ኼ𝜙 where 𝜙 is a shape factor, in case the cross-sectional shape is already defined. Substituting
Equation (5.3) into Equation (5.2), taking 𝜎፜፫=𝑃፜፫/𝐴, and rewriting the moment of inertia, gives:

𝑃፜፫=𝐴ኼ𝐸
𝜋ኼ𝜙
𝑙ኼ፞ (5.4)

This implies that for a fixed 𝑃፜፫, 𝑙፞, and geometry (𝜙), 𝐴∝𝐸ኻ/ኼ. Substituting this result into Equation (5.1) gives
that𝑚∝1/𝑀፭=

᎞
ፄᎳ/Ꮄ , which should be minimised. This fraction𝑀፭=

ፄᎳ/Ꮄ
᎞ is called the material index, and should

be maximised. It can be defined for each load case given a set of constraints. Other material indices are derived
in similar fashions by and taken from Ashby [10].
A key constraint of this material index is that the cross-section of the column should be fixed in advance. To
ensure this, several options of stringers were available. In aviation, usually, Z-stringers or J-stringers are used.
This is because of their relatively high moments of inertia and low structural complexity, in combination with
being less prone to corrosion than for example Y-stringers or hat stringers. Sometimes, extruded panels with
integrated stiffening elements are also used. However, those were not selected because of the high degree
of waste materials, and consequent higher costs and violation of the lean manufacturing principles from the
sustainable development plan.
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The main difference between Z and J stringers is that J stringers are connected with two rows of rivets instead
of one. This is beneficial for delaying inter-rivet buckling, especially if the rows of rivets are staggered [12].
Due to the limited resources of the project, rivet spacing and inter-rivet buckling will not be investigated further
than this. Hence, it will be assumed that inter-rivet buckling is not a critical failure mode, and will hence not be
researched in more detail. However, in order to mitigate the effects of this assumptions, J stringers are selected
for the top plate of the wingbox. This is because this plate is mainly in compression, which means that buckling
is a failure mode with high probability to occur. For other locations on the aircraft structure where buckling
is less critical, Z stringers are selected because of their more beneficial moment of inertia. For the same total
cross-sectional area and ratios between the thicknesses and dimensions, the moment of inertia of a Z stringer
is calculated to be roughly 37% higher.
For the plate, loaded in compression in-plane, with length and width specified and thickness as the free variable,
the material index can also be taken from Ashby [10]. What should be noted here is that this dictated the order
in which the wingbox would be designed. First, the spars and ribs would be positioned, after which the stiffened
skin panels could be sized. This would then be iterated upon.
Wing Structural Elements
A wing’s primary function is to carry the aerodynamic loads that keep the aircraft in the air. It needs to do this
while being as light-weight as possible. To achieve this, the wingbox consists of several primary components.
Neglecting the control surfaces, these are ribs, spars, stiffeners and a skin. The stiffeners and skin together
form stiffened panels, as analysed in Section 5.3.1.
The spars are the primary elements that resist the bending loads resulting from the aerodynamics. They ensure
the loads are carried to the fuselage. They can be viewed as the web plates of a beam, if the wing is idealised
as a beam. Spars are mainly loaded in shear, and spars are stiffness constrained by ELTA-W-09, limiting the
deflection of the beam. Their height is fixed by the airfoil shape and wing geometry, but their width (thickness
of the web plate) is a free variable. Hence, the material index most relevant to spars is 𝐸/𝜌.
The final primary elements are the ribs. Their function is to transfer the loads from the skin to the spars, and to
maintain the wing profile. They also provide stability against panel buckling, by dividing the skin into discrete
section. Finally, they provide attachment points for local loads, such as landing gear, high lift devices and control
surface actuators. Ribs are mainly loaded in bending. Similar to the spar, their geometry is fixed due to the
wing profile and the airfoil shape. However, the thickness is free. The governing material index is hence 𝐸/𝜌.
Fuselage Structural Elements
The fuselage consists out of several distinct components, just like the wing. Primarily, there is a load-bearing
skin. However, this skin is often reinforced with longerons. These are stiffening elements, much like spars
and stringers. These longerons are usually complemented by stringers in certain sections of the fuselage. The
stringers and skin form stiffened panels, just like in the wing, as explained in Section 5.3.1. The final major
fuselage structural components are frames, sometimes in the form of bulkheads. These act as ribs in the wing,
maintaining the fuselage shape, and transferring structural loads to longerons.
The skin and stringers usually carry either tension or compression, just like in thewing. However, in the fuselage,
they also play a major role as web plate of the fuselage structure, taking over the role of the spars in the wing by
carrying shear and bending loads. Furthermore, as the empennage and the wing impose relatively high torques
on the fuselage, another load that the fuselage skin experiences is shear stressdue to torsion. The fuselage shape
is determined first, then the skin and other fuselage components are sized for that shapewith the thickness being
the free variable for the skin, after which the shape is iterated upon. Hence, the primary material indices for the
fuselage skin are𝐺/𝜌 (for the torsion), 𝐸ኻ/ኽ/𝜌 (for plate buckling), and𝐸/𝜌 (bending, thickness as free variable).
5.3.2.Material Trade-off
The criteria were now translated into mathematical constraints and parameters. However, before a selection
could be made, the options that were available needed to be compared. For this reason, a trade-off is done.
To set this up, first, a QFD was done to determine the trade-off criteria and their weights. As explained in
Section 5.3.1, the materials were graded on sustainability, cost, manufacturability, RAMS, and their effect on
weight due to their material index score. The material index scores were again assessed using Ashby [9]. The
final trade-off of material families can be seen in Table 5.4.
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Table 5.4: Material family selection trade-off.

Three separate trade-offs were done, for different material indices. The results of these trade-offs were used
to select metals and composite materials as material families of interest. In the aerospace industry, the mate-
rials that are used most often from these families are carbon fibre reinforced polymers, glass fibre reinforced
polymers, and aluminium alloys. This is because they have a high strength to weight ratio, and hence score
really well on the material indices. Steels are also sometimes used for a few critical components. The specific
individual material selection for every subsystem was done with the subsystem design.

5.4. Battery Placement Trade-off
It is important to decide exactly where the battery will be located within the aircraft. This decision was made
via a trade-off. The criteria that were deemed as relevant for the trade-off were as follows: Safety, stability,
space available, accessibility, and impact on aircraft weight. The accessibility criteria refers to how accessible
the battery is for procedures such as charging, replacement or maintenance. The impact on aircraft weight
refers to how many structural supports need to be added to the aircraft to maintain structural integrity. This
changes depending on where the battery is located within the aircraft.
In order to determine the weights of these criteria, a QFD (Quality Function Deployment) was performed. The
requirements that the battery must comply to were related to each criteria. These requirements are described
below:
� ELTA-BAT-01 - Battery placement shall not make the aircraft unstable;
� ELTA-BAT-02 - Battery shall be stored in an area which has the required space and volume, providing

adequate thermal control;
� ELTA-BAT-03 - Battery shall be placed somewhere accessible to ensure functionality of charging and

maintenance procedures;
� ELTA-BAT-04 - Battery shall be placed in an area minimising the the supports required to maintain

structural integrity.
The QFD was performed, resuling in scores for five different trade-off criteria. These were:
� Safety (25%);
� Stability (10%);
� Space available (20%);
� Accessibility (15%);
� Impact on aircraft weight (30%).

Finally, the trade-off itself was performed. The option with the battery behind the cockpit, inside of the fuselage,
was deemed the best option. This is because it offered a lower overall aircraft weight than if the battery was
placed in the nose or the wing. These locations would result in aircraft weights of approximately 5 kg and 10 kg
higher, respectively. The option was also deemed the most safe and risk-free, as fewer special considerations
need to be paid to fire safety than if the battery were to be placed under the pilot seat.

5.5.Wing Design
In order to design the wing, a numerical model of the half wing was built. For analysis, only the half wing needs
to be considered. This is due to the fact that the loads on both wings, under maximum load factor, will be equal.
To reduce the complexity of the program, only the wingbox structure of the wing will be analysed. The program
allows the user to iterate between the number of stringers required on the upper and lower skins. This allows
the user to choose an optimised number of stringers, for which the material, stringer type and dimensions must
be defined, such that no failure modes are encountered during maximum loading of the aircraft. Furthermore,
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the program allows the user to optimise the rib spacing within the wing. Before getting to the result, many steps
must be taken. This section will explain exactly how the program works as well as present the results obtained
for the wing of the Dragonfly. All the equations described in this section are taken from [13].
5.5.1.Wing Geometry
The program can be separated into 3 main parts: Programming the half wing geometry in 3D and its attributes
(centroids, moments of inertia and shear centers), obtaining all forces acting on thewing and finally obtaining all
stresses everywhere on the wing and ensuring that none exceed critical buckling, or yield stresses of stringers or
of stiffened plates. The user must input the dimensions of the stringers. These dimensions include thicknesses
and lengths of all sides. Then, the wing planform parameters such as span, surface area, quarter chord sweep
and airfoil used must be inserted inside the program. Lastly, the discretization that the user would like to use
(how many cross sectional cuts will be made along the wing) must be inputted by the user. The latter will allow
the user to increase the speed of the program by decreasing the discretization number at the cost of accuracy.
Therefore, it is highly recommended that this number is set to something reasonable for the wing that needs to
be analysed. From all of this, the program then generates however many cross sections that the user wanted,
correcting the location and size of each cross section according to the wing planform parameters inputted by
the user. Each cross section resembles the airfoil chosen by the user, with a chord sized according to the taper
ratio. Before continuing further with the explanation of the program, all input parameters that the user must
enter are given below in Table 5.5.

Table 5.5: Wing structural analysis program input parameters

Parameter Unit Description
Stringer dimensions m All dimensions related to stringers
Skin thickness m Wing skin thickness
Skin material - Wing skin material name
Discretization (n) - Number of cross sections to be made along half wing
Number of stringers on upper surface - -
Number of stringers in lower surface - -
x/c front spar location - -
x/c aft spar location - -
Spar dimensions m All relevant spar dimensions
Number of ribs - Determines rib spacing (evenly spaced along wing)
Rib dimensions m All relevant rib dimensions
Battery in wing (True/False) - Allows analysis with battery in and out of wing
Maximum load factor - Maximum load factor wing must be able to carry
Minimum load factor - Minimum load factor wing must be able to carry

Furthermore, the coordinate system is as follows: The origin is placed at the leading edge of the root chord,
with the z-axis going vertically up, the y axis going along the half span of the wing and the x axis going along
the length of the root-chord. The coordinate system can also be seen in Figure 5.1.
As previously mentioned, only the wingbox structure will be analyzed. What is meant by this exactly is that it
will be assumed that the wingbox carries all the loads on the wing. Therefore, the next step in the program is
turning these airfoil cross sections of the airfoil into cross sections of the wingbox. This means that all parts
of the wing in front of the front spar and aft of the aft spar are discarded, such that only cross sections of the
wingbox are left everywhere where cross sections of the airfoil were made. Each cross section of the wingbox
includes front and aft spars, as well as the top and bottom parts of the skin connecting them.
The next step in the program is positioning the all stringers on the top and bottom skin. The number of stringers
that are to be positioned on the top and bottom skin is precised by the user as an input. The stringers are
positioned with equal spacing along the skin. Due to the fact that the wingbox structure is not symmetrical, and
the fact that the top and bottom skins connecting the spars are curved, a mathematical relation must be found
in order to position the stringers along the length of the skin. This derivation will be omitted because it is quite
long. But by doing this, the stringers can be positioned evenly along the top and bottom skins, depending on
the number of stringer precised by the user. The out put of this function will then be the x and z positions of all
stringers for every cross sections made.
Next, the height of the front and aft spars are calculated for every cross section. This is easily done for the top by
taking the z-coordinate of the top skin at theminimum x-coordinate of the top skin and subtracting that from the
z-coordinate of the minimum x-coordinate of the top skin. For the aft spar, instead of looking at the minimum
x-coordinates of the top and bottom skin, the z-coordinates at the maximum x-coordinate must be used.
For all further calculations, to simplify the analysis, structural idealisations will be made. This means that all
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stringers will be converted to booms, with point areas equal to their actual cross sectional area. The next step
of the program is to calculate the centroid location for every cross section generated by the program. Using
structural idealisations, and assuming zero thickness for the wing skin thickness, the centroid of a single cross
sections can be estimated by using Equation (5.5) and Equation (5.6) below. Furthermore, the impact of this
assumption needs to be evaluated. Due to the assumption made, the centroid location obtained will not be
exact. This is due to the fact that when assuming the skin has zero thickness, it also means that it has zero
area, and therefore the skin is not taken into account when determining the centroid location. However, the
results obtained do not deviate too much from the real location as the stringers follow the shape of the skin,
and the main contributions to centroid location are the stringers and spars. The higher the number of stringers
along the skin, the more accurate the centroid location is. The equations used to determine the centroid for an
arbitrary cross section are given below in Equation (5.5) and Equation (5.6).

𝑥̄= Σ
፧
።዆ኻ ̃𝑥።𝐴።
Σ፧።዆ኻ𝐴።

(5.5) 𝑧̄= Σ
፧
።዆ኻ ̃𝑧።𝐴።
Σ፧።዆ኻ𝐴።

(5.6)

Where 𝑥̄ is the x-coordinate of the centroid of the cross sections, 𝑧̄ is the z-coordinate of the centroid, ̃𝑥። is the
centroid location of the ith area and 𝐴። is the ith Area. This is done taking into account all stringers and both
spars, and repeated for all cross sections generated by the program. The cross sections along with the position
of the centroid of an arbitrary cross section can be seen clearly below in Figure 5.1.

Figure 5.1: Arbitrary cross section

In Figure 5.1, the blue segments on the left and right are the front and rear spar, respectively, the red point
areas are the stringers, the black curves connecting the spars are the upper and lower skins. Next, themoments
of inertia of every discretized cross section must be determined. Once again, structural idealizations are made
to make this process less complex. Furthermore, this leads to the skin being neglected when calculating the
moment of inertia of a cross section. In turn, this means that for every cross section, the moment of inertia is
under-estimated, which will later mean an over-estimation of the stresses calculated. This means that this as-
sumption is conservative. Furthermore, thin walled assumption is used, and higher order terms of the thickness
in the spars are neglected and assumed to be approximately zero. Once again, this assumption is conservative.
The moment of inertia is calculated about the axes 𝑥፜ and 𝑧፜, which are axes for which the orientation is the
same as the original reference axes previously described in . However, its origin is located at the centroid of the
cross section. This is done for every cross section. This can be seen more clearly in Figure 5.1. The moments of
inertia about the axes just described, 𝐼፳ᑔ፳ᑔ and 𝐼፱ᑔ፱ᑔ , are calculated using the steiner theorem. This is presented
below in Equation (5.7), Equation (5.8) and Equation (5.9):

𝐼፳ᑔ፳ᑔ=𝐼፳ᖤ፳ᖤ+𝐴𝑑ኼ፱ (5.7) 𝐼፱ᑔ፱ᑔ=𝐼፱ᖤ፱ᖤ+𝐴𝑑ኼ፳ (5.8) 𝐼፱ᑔ፳ᑔ=𝐼፱ᖤ፳ᖤ+𝐴𝑑፱𝑑፳ (5.9)
This theorem is used for every individual element that is taken into account, namely the two spars and all
stringers. The axes x’ and z’ are the axes about the centroid of each individual element. The variables 𝑑፱ and
𝑑፳ are the x and z distances, respectively, from the cross sections centroid to the centroid of a certain object.
As the stringers are assumed as booms with point areas, and therefore 𝐼፳ᖤ፳ᖤ and 𝐼፱ᖤ፱ᖤ are assumed to be zero
for those booms. This equation is applied to every object within the cross section, and all are summed up to
come up with the moment of inertia about both axes about the centroid of the cross section. This process is
then repeated for every cross section.
The last part of building the geometry of the wing and obtaining all relevant geometrical properties of the wing
consists of obtaining the shear center location for every cross section generated by the program. In the following
paragraphs, the process as to how the shear center was derived will be explained.
Due to the section not being symmetrical, the shear center may not be directly determined by inspection and
must instead be calculated. When a shear force in the positive z direction 𝑉፳ is applied about the shear center
of the section, it generates a moment about the centroid of the cross section. The location of the shear center
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is assumed to be at a distance 𝜉 in the positive x direction. Assuming counter-clockwise positive moments as
positive, this means that the shear force applied at the shear center creates a torque equal to 𝑉፳𝜉. Furthermore,
the shear force applied at an arbitrary gets diffused with the structure such that the shear flow 𝑞=𝜏∗𝑡, where 𝜏
is the shear stress and t is thickness, integrated over the whole section is equal to the shear force being applied
at the section. This means that the torque generated from the shear force around the centroid of the cross
section is equal to the torque created by the shear flow distribution around the section. Therefore, one may say
that for a closed section such as the wingbox, Equation (5.10).

𝑉፳𝜉=2𝐴፦𝑞፬Ꮂ+∮𝜌𝑞፛𝑑𝑠 (5.10)

Where 𝐴፦ is the enclosed area of the section, 𝑞፬Ꮂ is a constant shear flow, 𝜌 is the perpendicular distance from
the centroid of the section to the segment of the section ds and 𝑞፛ is the basic shear flow. The values of 𝑞፬Ꮂ and
𝑞፛ are given by Equation (5.11) and Equation (5.12) below.

𝑞፬Ꮂ=
∮(𝑞፛/𝐺𝑡)𝑑𝑠
∮𝑑𝑠/𝐺𝑡 (5.11)

𝑞፛Ꮄ−𝑞፛Ꮃ=−
𝑉፳𝐼፳ᑔ፳ᑔ−𝑉፱𝐼፱ᑔ፳ᑔ
𝐼፱ᑔ፱ᑔ𝐼፳ᑔ፳ᑔ−𝐼ኼ፱ᑔ፳ᑔ

∫𝑡𝑧𝑑𝑠−
𝑉፱𝐼፱ᑔ፱ᑔ−𝑉፳𝐼፱ᑔ፳ᑔ
𝐼፱ᑔ፱ᑔ𝐼፳ᑔ፳ᑔ−𝐼ኼ፱ᑔ፳ᑔ

∫𝑡𝑥𝑑𝑠 (5.12)

Where 𝐺 is the shear modulus of the material, 𝑞፛Ꮄ is the shear flow at a section 2 and 𝑞፛Ꮃ is the shear flow at
a section 1. As it may be seen from equation Equation (5.12), the basic shear flow can only be obtained at an
arbitrary point along the section if and only if it is already know at one point along the section. That is why a
cut is made on the section to create a free surface, where the shear flow is known to be zero, and from that the
varying basic shear flow can be estimated all over the cross section. The constant factor 𝑞፬Ꮂ is there to correct
for this assumption and close the section once again.
Once again, to simplify the analysis, the structure is idealised by turning the stringers into booms and assuming
zero thickness all around, this time including the spars. Using this assumption results in constant shear flow
along the sheet in between two booms, however the shear varies across a boom. The change in basic shear
across a boom is given by Equation (5.13) below.

𝑞፛Ꮄ−𝑞፛Ꮃ=−
𝑉፳𝐼፳ᑔ፳ᑔ−𝑉፱𝐼፱ᑔ፳ᑔ
𝐼፱ᑔ፱ᑔ𝐼፳ᑔ፳ᑔ−𝐼ኼ፱ᑔ፳ᑔ

𝐵፫𝑧−
𝑉፱𝐼፱ᑔ፱ᑔ−𝑉፳𝐼፱ᑔ፳ᑔ
𝐼፱ᑔ፱ᑔ𝐼፳ᑔ፳ᑔ−𝐼ኼ፱ᑔ፳ᑔ

𝐵፫𝑥 (5.13)

Where 𝐵፫ is the area of the boom and x and z are the coordinates of the boom w.r.t the axes about the centroid
of the section.
Making a cut in the section anywhere between twoboomsmeans that the shear flow in between these twobooms
is zero. This means that the basic shear flow 𝑞፛ may be found all across the section by using Equation (5.13).
Now, going back to Equation (5.10), a function must be written within the program to estimate 𝜌 in order to find
the perpendicular distance to the sheets between two booms. This can be done by using trigonometric relations
for every sheet inside the cross section.
Now that every term in Equation (5.10) is know, x position of the shear center w.r.t. may be estimated by simply
applying unit shear 𝑉፳=1𝑁. This procedure is then repeated for every cross section generated by the program.
The z location of the shear center was not calculated because the drag is assumed to act along it. In reality it
doesn’t exactly, but it is usually acting very close to it. This means that very little torque will result from the drag
force.
5.5.2.Moments, Torque, Shear and Normal Forces Acting on the Wing
The next step in the program is to come up with the moment, torque, shear and normal force diagrams for the
wing. For that, it is first imperative to determine all loads acting on the wing. There will be 3 different loads
acting on the wing: The distributed lift over the wing, the distributed drag, and finally all reaction forces at the
connection to the fuselage. These reaction forces would need to be examined in more detail to ensure that they
do not cause the fuselage to fail. However, due to the restricted time of this project, this has not been analyzed
into more detail, only magnitude of forces and moments acting on the fuselage will be known.
The lift and drag is obtained from the Aerodynamics department. However, what is given is the lift coefficient
distribution along the span. However, this is not a force. Therefore, the lift coefficient along the span must be
corrected to a lift force such that the integral of the lift force along the half span is equal to the maximum (or
minimum) load factor that must be carried by the divided by two (due to analysis only applied to half wing).
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This is given below in Equation (5.14).

∫
፛/ኼ

ኺ
𝐿(𝑦)𝑑𝑦= 𝑛፦ፚ፱ ⋅𝑚⋅𝑔ኺ2 (5.14)

Where 𝑏 is the wing span, 𝐿(𝑦) is the lift as a function of 𝑦 in N/m, 𝑛፦ፚ፱ is the maximum load factor, m is the
aircraft mass in kg and 𝑔ኺ is the acceleration due to gravity at sea level (9.80665 𝑚/𝑠ኼ). This then leads to
Equation (5.15) below.

1
2𝜌ኺ𝑣

ኼ𝑆∫
፛/ኼ

ኺ
𝑐ፋ(𝑦)𝑑𝑦=

𝑛፦ፚ፱ ⋅𝑚⋅𝑔ኺ
2 (5.15)

With 𝜌ኺ being the air density at sea level, 𝑣 is the local velocity required to achieve the required lift (the scaling
factor), 𝑆 is the wing surface area, and 𝑐ፋ(𝑦) is the lift coefficient as a function of 𝑦. In this equation, the only
unknown within this equation is the local velocity 𝑣. This can be solved by rearranging Equation (5.15) above.
Once this velocity is solved for, every value of 𝑐ፋ given by the aerodynamics department can be multiplied by
the factor 0.5𝜌ኺ𝑣ኼ𝑆 to scale the distributed lift coefficient to a distributed lift force. To verify that this procedure
is correct, the distributed lift force obtained needs to be integrated along the half span and the relation given in
Equation (5.14) needs to be satisfied. In this case it was satisfied. Furthermore, the lift force distribution needs
to be plotted next to the 𝑐ፋ distribution. These were shown to have the same general shape, and therefore the
procedure used to determine the lift distribution along the wing is correct. Furthermore, the drag coefficient 𝑐ፃ
also needs to be multiplied by the same factor of 0.5𝜌ኺ𝑣ኼ𝑆 to scale it to a drag force.
Furthermore it is important to note that these forces act at the center of pressure for which the location of it
along the chord is known. Because the center of pressure and the shear center rarely coincide, the lift force will
generate a torque on the wing. As previously mentioned, the torque resulting from drag is present but however
will be ignored because it is assumed to act along the shear center. Furthermore, the z location of the center of
pressure is unknown, and therefore could not be analyzed either way. It is very important to know this as this
means that the internal torques calculated at every cross section is under estimated. The center of pressure,
lift force and drag forces distributions can then be interpolated for all cross sections.
From this, all reaction forces and moments at the root of the wing can be calculated. The results obtained for
the aircraft under maximum loading (4.45g) and minimum loading (-2.45g) are given below in Table 5.6 and
Table 5.7.

Table 5.6: Wing root reaction
forces under maximum g loading with no battery inside wing

Forces Value [N] Moments Value [Nm]
𝑅፳ -17106.3 𝑀፳ 1407.7
𝑅፱ 554.1 𝑀፱ 49913.1
𝑅፲ 0 𝑇፲ -5439.8

Table 5.7: Wing root reaction
forces under minimum g loading with no battery inside wing

Forces Value [N] Moments Value [Nm]
𝑅፳ 9215.0 𝑀፳ 268.0
𝑅፱ 105.5 𝑀፱ -32988.4
𝑅፲ 0 𝑇፲ 2930.3

This process was then repeated for the wing with the battery inside. The results for the scenario in which the
battery is included within the wing are given below in Table 5.8 for the maximum loading and Table 5.9 for the
minimum g loading case.

Table 5.8: Wing root
reaction forces under maximum g loading with battery inside wing

Forces Value [N] Moments Value [Nm]
𝑅፳ -16187.0 𝑀፳ 1407.7
𝑅፱ 554.1 𝑀፱ 49693.9
𝑅፲ 0 𝑇፲ -5696.4

Table 5.9: Wing root
reaction forces under minimum g loading with battery inside wing

Forces Value [N] Moments Value [Nm]
𝑅፳ 10134.4 𝑀፳ 268.0
𝑅፱ 105.5 𝑀፱ -33207.6
𝑅፲ 0 𝑇፲ 2673.6

Lastly, shear, moment and torque diagrams can be derived. Due to the space restriction, these diagrams are
only displayed for the maximum g condition with no battery inside the wing. Figure 5.2 represents the variation
of the internal moment around the z axis along the span, Figure 5.3 represents the variation of the internal
moment around the x axis along the span, Figure 5.4 represents the internal torque variation along the span,
Figure 5.5 represents the variation of the internal shear in the z direction along the span and finally, Figure 5.6
represents the variation of the internal shear in the x direction along the span.
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Figure 5.2: Torque vs y Figure 5.3: Mx vs y
Figure 5.4: Torque (T) vs y

Figure 5.5: Vz vs y Figure 5.6: Vx vs y

5.5.3. Stress analysis, Tip Deflection and Results
Once the internal loading throughout the span of the wing is determined, it is possible to determine all normal
stresses and shear stresses acting along the span of the wing. The normal stresses may be determined at any
point on all cross sections by using Equation (5.16) which is given below.

𝜎፲=
(𝑀፱𝐼፳፳−𝑀፳𝐼፱፳)𝑧+(𝑀፳𝐼፱፱−𝑀፱𝐼፱፳)𝑥

𝐼፱፱𝐼፳፳−𝐼ኼ፱፳
(5.16) 𝑞ፓ=

𝑇
2𝐴፦

(5.17) 𝜏= 𝑞፭፨፭𝑡 (5.18)

Where 𝑀፱ is the bending moment around the 𝑥-axis, 𝑀፳ is the bending moment around the 𝑧-axis and finally,
𝐼፱፱, 𝐼፳፳ and 𝐼𝑥𝑧 are the moments of inertia of the cross section about the 𝑥- and 𝑧- axis of the cross section,
which are located at the centroid of the cross section. Furthermore, it is important that shear within the cross
sections occurs due to both internal shear force, and internal torque. First, the shear flow components all around
an arbitrary section must be determined, and then from this the shear stresses. The shear flow due to torque
is constant around the cross section in a single cell closed section. This shear flow due to torque 𝑞ፓ is given by
Equation (5.17).
Where 𝑇 is the internal torque at that cross section, and 𝐴፦ is the enclose area of that section. The shear flow
due to shear can then be calculated by using Equation (5.11) and Equation (5.13). The procedure for using these
equations is the same as the one presented in the section where the shear center is derived. Then, all of these
shear flows calculated can be added together all around the section to obtain the total shear flow everywhere
in the section. Furthermore, the shear stress may be calculated by using Equation (5.18).
Where 𝑞፭፨፭ is the total shear flow and t is the thickness at a point on the section. This can be repeated every-
where along a single cross section, and for every cross section generated by the program. Finally, the wingbox
can be sized such that no critical buckling stresses of the stiffened panels on the wing and stringers are not
exceeded, and no material yield stresses are exceeded.
Lastly, the tip deflection of the wing can be calculated by using the Equation (5.19). If the deflection is below the
requirement of 10% of the span (ELTA-W-09). This requirement is incorporated inside the sizing loop, where
if it is exceeded, stringers are added to ensure compliance. The results are presented below in Table 5.10
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Table 5.10: Final output values of the wing design

Parameter Value Unit
Number of ribs on upper surface 30 -
Number of ribs on upper surface 30 -

Rib spacing 300 mm
Total wing mass 160 kg

5.6.Wing Verification and Validation
Verificationwas done at every step of the program. The first step in the program is generating the cross sections.
These were verified by plotting these cross sections and ensuring that the correct wing planform geometry and
airfoil is obtained. Next, the position of stringers and wingbox geometries were also verified via inspection of
the plots. This was also done for the position of the spars. The centroid location, shear center, and moments of
inertia were verified by doing the calculations by hand and comparing to those obtained numerically. Thesewere
proven to be the same for both the first and last cross sections, and therefore the process followed is correct.
The lift and drag distributionmethodwere verified by the fact that if integrated over the half span, the wanted lift
load shall be obtained, which in this case is 4.45W or -2.45W, where W is the aircraft weight. Furthermore, the
lift load distribution should look similar to the lift coefficient plot along the half span of the wing, this is verified
by plotting the two next to each other and comparing. This lift load is then interpolated so that it is obtained
at every cross section generated. This is also done for the center of pressure and drag. The interpolation is
done using a verified python function. The internal loading diagrams are verified by first of all ensuring that the
results obtained are realistic. Then, the calculations are done in a simplifiedmanner and compared to the results
obtainednumerically. If theseareapproximately equal, then theprocessused is correct and the code functions as
intended. Finally, the stresses were verified by comparing the values obtained numerically with values obtained
by hand for the first and last cross sections. If the results are equal, then the code works as intended.
There are two main methods of validation for this analysis. The first one is by entering inputting the wing of
another aircraft into the program and comparing the results obtained from the program with the actual aircraft
wing. However, this data is very hard to obtain, and therefore the validation of the analysis would need to
be done via scale testing. This would include mostly failure tests and buckling tests, to see whether the wing
can actually withstand the current load it is sized for, and if so how much more load can it carry, or how over
designed is the wing. However, before getting to this stage, the analysis needs to be refined such that nomoney
is wasted in testing, this is because as of right now, it is known that the wing is over-designed.
5.6.1.Wing Risk and Certifiability Analysis
The design of the wing was performed by considering mainly the mass of the wing structure. The main risks of
the wing are as follows: The wing is overweight, the wing is overpriced, the wing is under-designed, the wing is
not certifiable. It is likely that as of right now, the wing is a little bit over-designed due to the many conservative
assumptions made to perform the structural analysis of the wing. However, the program could be refined to
obtain more accurate results. The actual cost of the wing was not looked at within this section. This means that
it is probable that the cost of the wing exceeds the budget. If that is the case, then thematerials of the structural
components will need to be looked at, and probably changed. This will in turn change the mass of the wing and
lead to a possibly over-weight wing. Therefore more research needs to be done within this sector. The third risk
is that the wing is under-designed. This is highly unlikely due to all the conservative assumptions made in the
analysis. This however would have a very high impact if this risk came out to be true. The wing failing in flight
will inevitably lead to a catastrophe, possibly fatal. This is why the assumptions made must be conservative.
Furthermore, a safety factor of 1.5 was applied on the maximum and minimum load factors, which serves to
comply with CS-VLA. As a safety factor of 1.5 was applied, and all stresses are under thematerial ultimate stress,
the wing is certifiable under CS-VLA.

5.7. Fuselage Design
The fuselage was designed similar to the wing. Designing the fuselage was an iterative process, as the mass
needed to be minimized at every stage. The fuselage design process is visualized in Figure 5.7.
First, it was decided that the fuselage aerodynamics would not be investigated. This was chosen because it was
deemed too complicated and time-intensive for the resources available. However, the aerodynamic shape was
taken into account. Following Gudmundsson [14], the choice was made for a tadpole shaped fuselage design,
because it reduces the 𝐶ፃኺ by almost 30%. While a frustrum shaped fuselage would be easier to design, every
single bit of performance was necessary in order to meet the requirements.
The fuselage was then sized around the other aircraft components. The preliminary tail and wing positions and
sizing parameters were plotted using CATIA, together with the motor and propeller disk. Finally, the cockpit
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Figure 5.7: Work flow diagram of the fuselage design

was drawn using theminimal dimensions from the requirements. Next, a tadpole shapewas drawn around these
components, such that everythingwould fit inside of the fuselage. This shapewas extruded into 3D,where some
final touch-ups followed tomake the fuselagemore streamlined and reduce the wetted surface area. The results
of this can be seen in Figure 5.8.

Figure 5.8: Rendering of the preliminary fuselage, indlucing the coordinate system that was used.

Next, the method of analysis was determined. The fuselage shape is quite predictable in the aft section of the
fuselage, compared to the front section. In the front of the fuselage, there were a number of features that made
the fuselage too difficult to design for in the limited resources that were available. These features includemount-
ing points for the engine and propeller, the avionics and flight instruments, the seating and stick of the pilot, and
the doors to the main fuselage. As a higher degree of certainty could be obtained for designing the aft fuselage,
it was chosen to only design this section of the fuselage in more detail.
The aft fuselage was also designed to have two halves. Near the tail, the fuselage geometry is almost circular. It
was hence chosen to use carbon fibre in this section of the fuselage, as circular shapes are among the cheapest
geometries to produce with carbon fibre. Nearer to the front of the aircraft, the section is not circular anymore,
which makes that section significantly more expensive to produce with carbon fibre. Hence, here, an aluminium
alloy is used for the skin. The specific alloy chosen is 7075, as it offers high strength and toughness, as well as
excellent corrosion resistance, while having amanageable density, all in comparison to other aluminiumalloys. It
is lessworkable thana2024aluminiumalloy, however, theproperties like corrosion resistancearemore important
for theskinof theaircraft. Thestringerswill bemade from2024, becauseof itsworkabilityand its lowerpricewhen
compared to other alloys. The longeronswill bemade from carbon fibre, as its high strength is very important for
these primary components. With thesematerial choices made, the fuselage can be analysed.
An important assumption that was done is that the fuselagewas discretized into several sections. These sections
run from frame to frame, and have a constant cross-section over their length. This was done in order to simplify
theanalysis. Tomitigate theeffectsof this assumption, this assumptionwasapplied ina conservativemanner. For
example, the cross-sectional area and geometry that was used for every section was the smallest cross-section
between the two frames, so the smallestmoment of inertia is used, which results in higher stresses, whichmakes
the estimate conservative. Also, having a smaller moment of inertia results in a smaller critical buckling stress,
making the assumption even more conservative. The sections were positioned such that the cross-sectional
centroids of the sections all lie on the y-axis. The model of Figure 5.8 was then used to obtain cross-sectional
areas, widths, heights, and radii of the corners for every location along the length of the fuselage, and thesewere
interpolated to the locations of the frames.
The frame locations were determined based on the number of frames. The frames were spaced equally apart
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from each other, along the length of the fuselage. The number of frames was based on minimising the mass,
while still being able to fulfil the requirements. Themass of the frameswas estimated based on the enclosed area
of a cross-section,multiplied by 0.25, the skin thickness for that section, and thematerial density for that section.
The final discrete sections, in combination with thematerial properties, then result in a variable Young’smodulus
𝐸 based on the component materials. Additionally, for every section, the centroid, using Equation (5.5) and
Equation (5.6), and mass are calculated, as well as the critical buckling stress, ultimate tensile stress, and a cost
estimation is done. Finally, the moments of inertia 𝐼፱፱, 𝐼፳፳, and 𝐼፱፳ are calculated. These parameters could then
be used in the load calculations.
Inorder toanalyse the loads, linearizedbeamtheorywasused,basedonMegson’sbook[11]. Thiswasconsidered
valid, as the fuselage does not undergo extremedeflections, and the loads are relatively simple. The basis for this
method is the differential equation for the deflection:

𝐸𝐼 𝑑
ኼ𝑣
𝑑𝑦ኼ =−𝑀 (5.19)

Thismethod can be integrated to obtain angles and deflections of the beam at every longitudinal location. This is
donefordeflectioninthexandzdirections, foreverylongitudinalpositiony. Inordertobeabletosolvethisequation
for arbitrary external loads andmoments, equilibrium should be assured. This is done by calculating the reaction
forcesandmomentsinthecantileversupport. Acantileversupport isassumedtoexist inthecockpitbulkheadofthe
aircraft, right behind the cockpit, as the forces andmoment should be in equilibrium around any point in straight,
steady flight. Furthermore, this is where the aft section of the fuselage is attached to the rest of the aircraft, and
wherethe loadtransferbetweenthetwoparts takesplace. Inreality, there isnosupporthere,andwhat ismodelled
as reaction forces are actually forces caused by other components of the aircraft, such as the front section of the
fuselageand thewing. Thecockpit bulkhead, beingacantilever support in themodel, asa result alsobecomes the
locationoftheboundaryconditionsthatarenecessarytosolvetheequations. It isassumedthatboththedeflection
and the angle of thebeamat the cockpit is 0, in all directions. This system is verified and validated in Section5.7.1.
Now that a solver is available, the stresses can be calculated. This is done by calculating the internal shear force,
normal force, and moment, across the fuselage, in all directions. Given the centroid of the cross section and
the geometry of a cross-section, the normal stress due to bending and internal normal force respectively can be
evaluated at any arbitrary point using the stress equations:

𝜎፲=
(𝑀፱𝐼፳፳−𝑀፳𝐼፱፳)𝑧+(𝑀𝑧𝐼፱፱−𝑀፱𝐼፱፳)𝑥

𝐼፱፱𝐼፳፳−𝐼ኼ፱፳
and 𝜎፲=

𝑁፲
𝐴cs

(5.20)

Here, 𝑥 and 𝑧 are the locations distance to the centroid. 𝑀፱ and𝑀፳ come from the load calculations and are the
internal bendingmoments. After the normal stress was calculated, the shear stress was next. The shear stress is
slightly more difficult to calculate. First, there is a torsion component. This results directly in a shear stress in the
skin of the fuselage, provided the structure is thin-walled:

𝜏= 𝑇
2𝑡𝐴፦

(5.21)

where𝐴፦ is the area enclosed by the thin-walled structure, not the cross-sectional area of the components them-
selves. Next to the torsion, also the internal shear force causes shear stresses. For this, it is crucial to know the
shear centre. However, given themany components of the fuselage, this is very difficult to calculate precisely. In
contrary to the wing, the fuselage is symmetric around its middle (the z axis). Therefore, the shear centre lies on
the y-z plane of the fuselage, with the reference coordinate system being shown in Figure 5.8. As the section is
closed andnot far frombeing symmetric around the x axis aswell, the shear centre is assumed to be located at the
centroid. Next to the shear centre, also theeffects of the stringers and longerons shouldbe taken into account. As
the number of stringers can differ a lot for every section, the stiffened panels (combination of plate and stringers)
are each idealized. To calculate the shear, every panel is modelled as three separate booms. These booms are
positioned at the two ends of a plate cross-section, as well as in the middle of the cross-section. Each boom gets
a third of the area of the plate itself. Then, the areas of the stringers are added to the booms that are closest to
each stringer. This process is visualised in Figure 5.9
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Figure 5.9: Idealization of a stiffened panel with four equally spaced stringers.

For a panel with a width of 0.5m and a skin thickness of 2mm, and four equally spaced stringers as in Figure 5.9
of 0.000012mኼ each, the areas of the three booms become 3.45⋅10ዅ኿, 3.57⋅10ዅ኿, and 3.45⋅10ዅ኿mኼ from left to
right. Next, the equation for shear flow of an idealized section is used:

𝑞፬=−
(𝑉፳𝐼፳፳−𝑉፱𝐼፱፳)
𝐼፱፱𝐼፳፳−𝐼ኼ፱፳

[
፧

∑
፫዆ኻ
𝐵፫𝑧]−

(𝑉፱𝐼፱፱−𝑉፳𝐼፱፳)
𝐼፱፱𝐼፳፳−𝐼ኼ፱፳

[
፧

∑
፫዆ኻ
𝐵፫𝑥]+𝑞፬ኺ (5.22)

where 𝐵፫ is the area of a single boom element, and 𝑥 and 𝑧 its distance to the shear centre. 𝑉፱ and 𝑉፳ are the
internal shear forces. The only unknown here is 𝑞፬ኺ. This shearflow is required for ’closing’ the cross-section, as
this equation is only valid for a closed section that hasbeen ’cut’ open for theanalysis. This parameter is calculated
bymultiplying the shearflowwith the skin thickness in order to calculate the shear stress. This shear stress is then
multipliedwith the length of the segment, resulting in a 2D vector force. Next, the cross-product is takenwith the
vector distance from the shear centre. This is done for every segment of the cross-section, resulting in a resultant
momentduetotheinternalshearforce. Becausethesystemshouldbeinequilibrium, theparameter𝑞፬ኺ isadjusted
suchthattheresultantmomentisexactly0. Thetotalshearstressofanypointonthesectioncanthenbecalculated.
After all the stresseswere calculated, the critical load cases fromTable 5.3 in combinationwith additional possible
failuremodes like vonMises stress, shear failure, andultimate tensile stresswereall analysed for everypoint in ev-
ery cross-section. If the structure exceeded any of the stresses thatwouldmake it fail, the input parameterswere
adjustedautomatically todecrease thestressor todistribute thestressesbetter. These inputparameters included
number of stringers, number of longerons, stringer dimensions, longeron dimensions, number of frames, skin
thickness, battery position, andmaterial selection. The choice of which parameter to changewas unique to each
failure mode and section of the fuselage, in order to achieve the most optimal combination of final parameters.
Additionally, after all the failure modes were nullified, the parameters were tweaked further, in order to achieve
the lowest weight possible. After each change, the structure was checked for compliance with the requirements
and the load case.
This complete process was iterative, and was ran until convergence in combination with other subsystems of the
aircraft. An example is the battery weight, which has direct influence on the fuselage structure as the battery is
located in the fuselage. Another example of iterated parameters is the total fuselage length, and the ultimate tail
loads that the fuselage was sized for. The final shear forces andmoments can be found in Figure 5.10.

(a) Internal shear force in the x and z directions (b) Internal moment in the x and z directions

Figure 5.10: Internal shear forces and moments.

The final normal force and normal stress for themiddle top of the fuselage can be found in Figure 5.11. The jump
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that canbeseen inFigure5.10a just after 2m(thecockpit bulkhead is locatedat2.2m, no forcesareappliedbefore
that) is due to the battery weight.

(a) Internal shear force in the x and z directions (b) Normal stress at the middle top of the fuselage for every section.

Figure 5.11: Normal force and stress in the aft fuselage.

The input parameters for the final iteration for the fuselage design can be found in Table 5.11. The final output
values can be found in Table 5.12.

Table 5.11: Final input values of the aft fuselage design

Parameter Value Unit
MTOW 8671 N
Horizontal tail force -4282 N
Vertical tail force 558 N
Battery weight 2864 N
Emergency parachute force 8671 N
Cockpit bulkhead position 2.5 m

Table 5.12: Final output values of the aft fuselage design

Parameter Value Unit
Aft fuselage weight 72.3 kg
Total fuselage weight 105 kg
Amount of frames 8 -
Framesmaterial AA2024 -
Amount of longerons 4 -
Longeron plate thickness 2.2 mm
Longeron height 4.5 cm
Longeron width 4.5 cm
Longeron stringer type J-stringer -
Longeronmaterial CFRP -
Skin thickness cockpit 3.3 mm
Skin material cockpit AA7075 -
Skin thickness tail 2.2 mm
Skin material tail CFRP -
Amount of stringers tail 19 -
Amount of stringers cockpit 0 -
Stringer plate thickness 0.6 mm
Stringer height 1.2 cm
Stringer width 1.2 cm
Stringer type Z-stringer -
Stringer material AA2024 -
Battery position 2.59&2.77 m
Parachute position 2.9 m

5.7.1. Fuselage Verification and Validation
The calculations that are done to size the fuselage are quite complex. In order to provide a degree of certainty to
the calculations, the load solver was extensively verified. This was done both by hand and by using an external
tool. First, a solution was calculated by hand for the deflection of a beam of 1 meter long. A load is applied to the
end of the beam, with a magnitude of 1 N in both the x and z directions. Additionally, a moment is applied with
a magnitude of 3 Nm, also in both the x and z directions, also at the end of the beam. The beam is fixed with a
cantilever support at the other end of the beam. This results in a reaction force vector with the samemagnitude
as the applied load, but opposite direction. This load case also results in a reactionmoment, with amagnitude of
-4 Nm in the x direction, and -2 Nm in the z direction. The internal moment M of Equation (5.20) then becomes:

𝑀=−[
−4
0
−2
]⟨𝑧−0⟩ኺ+[

−1
0
−1
]⟨𝑧−0⟩ኻ−[

3
0
3
]⟨𝑧−1⟩ኺ+[

1
0
1
]⟨𝑧−1⟩ኻ (5.23)
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Here, ⟨⋅⟩ indicates a Macauley step function, which is 0 if the argument is below 0, else it is its argument. This
equation can be plugged into Equation (5.20). The product of 𝐼 and 𝐸 in equation Equation (5.20) is assumed to
be constant along the cross-section, with an arbitrary magnitude of 7.34. Now, the equation can be integrated.
After solving for the fixed boundary conditions, the deflection in the x-direction is:

𝑣= 𝑃𝑦
ኼ

6𝐸𝐼 (3𝐿−𝑦)−
𝑀𝑦ኼ
2𝐸𝐼 (5.24)

where P is the applied force in the x-direction (positive value is in the positive x-direction), and M is the moment
applied in the z-direction (positive along the z axis), and L is the length of the beam. Comparing this equation to
theoutput of the script at several points, verified that the integrator, boundary condition solver and load calculator
worked properly.
The next part that was verified was the internal shear force andmoment calculator. This was done by comparing
the output internal shears and internal moments of a complex load case of three vector forces and two vector
moments with the output of an online accessible calculator 1. Furthermore, it was tested whether the output
internal shears and moments were beyond either edge of the beam. These tests also all corresponded exactly,
and the calculator is hence also considered verified.
Validating the tool is not possible at this stage. Hence, the final fuselage design should be validated before it can
be assembled into the complete aircraft. While this is not possible during this phase of this project, it is taken into
account in the project planning for the next phase of the project.
Validation of the fuselage will be done by further simulations, prototyping, and testing. Once the system aerody-
namics has been analysed to a higher degree, the precise loads of the tail can be identified more precisely. The
fuselage can bemodelled in CAD, after which a finite elementmethod can be used to simulate the entire fuselage
much more precisely under the given loads. If the model passes these tests, a prototype of the fuselage or of a
set of subsystems of the fuselage can then be constructed. This test article can then be put under the precise
critical loads it is designed for. Using strain gauges, the stress and stress distribution in several components can
bemeasured, afterwhich the structure canbe testeduntil failure. If the structuredoesnot fail before it is designed
to, the structure is validated.
5.7.2. Fuselage RiskManagement
The fuselagehasbeendesignedwith cost andweight inmind. However, there exists a risk that the fuselageeither
costs more than anticipated, or that the fuselage weighs more than expected. The cost issue can be mitigated
by thorough checks of the budgets and costs throughout the rest of the design process. The weight issue can be
mitigated by redesigning the panel or usingmore advanceddesign and estimation techniques. Also, using known
materials and productionmethods, as is the plan, also helps with estimating the weight.
Another risk is the battery placement. Currently, the battery is placed right behind the bulkhead behind the cock-
pit. This is doneso that thebattery is easily accessibleduringmaintenance, andso that it caneasily be swappedon
the ground. However, should the battery catch fire, this could pose a risk to the pilots. This risk is to beminimised
by doing extensive testing on the battery. The cockpit aft bulkhead will also be made fireproof, to protect the
pilot from a possible fire. The emergency parachute will be shielded from the fire as well, and attached to the
cockpit. Hence, in case of a big battery fire, the pilot can pull the emergency parachute. The option of dropping
the batteries in case of a fire was investigated, but deemed unfeasible. This is due to the extra structural mass
this would add, the reliability of the dropping systemwould be hard to achieve, and due to the fact that dropping
a burning 292 kg battery from the sky is not a good idea.
The risk of having misidentified loads also exist. This risk is minimised by doing extensive flight testing, while
monitoringtheloadsontheaircraft. Itcanalsobereducedbydoingfurtherengineeringreviews. Currently, thisrisk
exists intheformofnotextensivelymodellingtheweightofthefuselageitselfasaloadthatthefuselagehastocarry.

5.8. Landing Gear Design
5.8.1. Landing Gear Sizing and Positioning
Aspreviouslymentioned, the landinggeardesignwasnotbeprioritised for analysis. Therefore, only apreliminary
sizing was performed on it. The trade-off concerning which type of landing gear configuration will be used was
previouslydone in theMidtermreport [1]. Theconfiguration thatwill beusedwill be the tricycleconfiguration. The
landing gear is an essential aircraft subsystem. It ensures stability on the ground, enables taxiing, and provides
landing, steering, and breaking capabilities for the aircraft.
The steering and braking capabilities were combined into one function. Namely, the undercarriage incorporates
differential braking as steering method. Differential braking was chosen in order to provide the functionality
1URL: https://clearcalcs.com/freetools/beam-analysis/au Last accessed: 22-06-2020
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required by ELTA-FLT-09 and ELTA-FLT-10, while still keeping the costs and complexity low. Due to the lesser
on-ground stability properties of incorporating differential braking, a contingencymanagement safety margin of
5%was imposed on the tip-over angles of the gear design.
The aircraft landing gear is positioned such that the aircraft does not tip over backwards or forwards, that no tail
strike occurs during take-off, and such that the nosewheel carries enoughweight to ensure steering capabilities.
This is ensured by drawing two lines on the aircraft. One of these lines goes through the aircraft aft c.g., at an
angle of 5.25°(requirement ELTA-FLT-08, plus a safety margin of 5%) to the left of the vertical. The other line is
drawn from the tail of the aircraft and has an angle of 15.75°from the horizontal (ELTA-FLT-07 plus 5%). This is
shown clearly below in Section 5.8.1.

Figure 5.12: Tip-over constraints for the main gear of an aircraft [8]

Once the intersection of these two lines is found, the gear can be positioned anywhere below the 15°line and to
the right of the 5°line. Furthermore, thenosegear canbepositionedbyusingmoment equilibriumabout the cgof
the aircraft. The aircrafts nose landing gearmust carry at least 8%of the aircraftsMTOW to ensure good steering
capabilities. Using safety factor of 1.5, this value will be increased to 12%. By doing so, Equation (5.25) below
may be used.

𝑥ፍፆ=
(1−𝑓)
𝑓 𝑥ፌፆ (5.25)

Where 𝑓 is the fraction of weight the nose gear (NG)must carry (0.12 in this case), 𝑥ፍፆ is the location of the nose
gear to the left of the aft cg, and 𝑥ፌፆ is the location of the main gear to the right of the aft cg. The main landing
gear is to be positioned 12cm aft of the c.g. and the nose landing gear shall be placed 90cm forward of the cg.
5.8.2. Landing Gear Risk Analysis
Once the sizing is performed, it is imperative to identify all risks associated with the design. One risk can be that
the breaking system is not functioning, this is quite hazardous and hence an emergency break system will be
implemented. Next to that, itmight be the case that the tyrepressure is toohighor too low, this shouldbe checked
during maintenance. Furthermore, the gear positioning might not be done properly, this should be avoided by
iterating the position in the stability analysis. However, an option could be added to shift landing gear location
once built, this can also aid in ensuring that theweight on the front gear is within the allowable range. Finally, the
landing gear should ensure enough ground clearance for the propeller and during landing the gear should be able
to take critical impact bymeans of gear suspension.
5.8.3. Landing Gear Certifiability
Lastly, it is important to determinewhether the current landing gear design conforms to the required certification
specification standards, namely CS-VLA. The only requirement stemming from the certification specifications
that is relevant to the landing gear isELTA-CS-FLT-20, stating that the nosewheel shall carry at least 8%of the
aircraft weight with themost rear centre of gravity. As it can be seen fromSection 5.8.1, a safety factor of 1.5was
applied on this factor in order to ensure that the aircraft will be able to carry at least 8% of the aircraft weight at
the aft-most centre of gravity. As long as this requirement ismet, the landing gear should not cause any problems
when it comes to certifiability.

5.9. Compliance Matrix
Thewing compliancematrix canbe found inTable5.13, the fuselage compliancematrix canbe found inTable5.14
and finally, the landing gear compliancematrix can be found in Table 5.15.

Table 5.13: Compliance Matrix Wing

Identifier Requirement Obtained
value

Require-
ment met?

ELTA-W-04 The wing shall house the ailerons * !
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ELTA-W-05 The wing shall house the flaps * !
ELTA-W-06 The wing shall provide potential battery storage volume * !

ELTA-W-07 The wing shall provide lift to
sustain flight in all flight conditions within the flight envelope * !

ELTA-W-08 The wing shall be attached to the fuselage * !

ELTA-W-09 The wing shall not bend more than
0.1 of the wing span at maximum positive and negative loads 0.06 !

ELTA-W-10 The wing shall be maintainable * !
ELTA-W-11 The wing shall have two spars * !
ELTA-W-12 The wing shall allow the pilot to enter the cockpit * !
ELTA-W-18 The wing shall not exceed a mass of 100kg 160kg %
ELTA-

CS-STR-02
A safety

factor of 1.5 shall be used for each structural component * !

ELTA-
CS-STR-03

The allowable stress
level shall be lower than the ultimate stress of the material * !

Table 5.14: Compliance Matrix Fuselage

Identifier Requirement Obtained
value

Requirement
met?

ELTA-
CS-FUS-01

The tail upsweep angle shall be such that
the aircraft is able to rotate to its clean stall angle of attack. 15.75° !

ELTA-
CS-FUS-02 The cockpit width shall be 101 cm as a minimum. 1.06 m !

ELTA-
CS-FUS-03

The cockpit height
measured from floor to ceiling shall be 112 cm as a minimum. 1.21 m !

ELTA-
CS-FUS-04

The pilot shall be able to look as
a minimum 5 degrees downward over the nose of the aircraft. 11° !

ELTA-
CS-FUS-05

The pilot shall be able to look outside
the aircraft as a minimum 135 degrees to the right and left. 135° !

ELTA-
CS-FUS-06

The pilot shall be able to look outside the aircraft as
a minimum 30 degrees up and down using the side window. >60 ° !

ELTA-
FUS-01

The fuselage shall be designed to
provide enough space for the training enhancement package. * !

ELTA-
FUS-02

The fuselage shall be able to
carry two passengers while flying at the maximum load factor. * !

ELTA-
FUS-03

The fuselage
shall provide space for the motor in the nose of the aircraft. * !

ELTA-
FUS-04

The fuselage shall be able to
withstand the loads on its structure, caused by aerodynamics,
ground loads, propulsion, emergency parachute, and gravity.

* !

ELTA-
FUS-05

The fuselage
shall be designed to provide enough space for the avionics. * !

ELTA-
FUS-06

The fuselage shall
connect all the primary subsystems of the aircraft together. * !

ELTA-
FUS-07 The fuselage shall be able to carry two passengers side by side. * !

ELTA-
FUS-08

The fuselage
shall be designed to provide enough space for the batteries. 150L !

ELTA-
FUS-09 The fuselage shall not exceed a mass of 115 kg. 121 kg %

ELTA-
CS-STR-02

A safety
factor of 1.5 shall be used for each structural component. 1.5 !

ELTA-
CS-STR-03

The allowable stress
level shall be lower than the ultimate stress of the material. * !

ELTA-
CS-STR-05

Each seat and its supporting structure
shall be designed for occupants weighing at least 86 kg.

100 kg
times ultimate
load factor

!

Table 5.15: Compliance Matrix Landing Gear

Identifier Requirement Obtained
value

Require-
ment met?

ELTA-FLT-06 The main landing gear shall be positioned such that
the aircraft will not tip over at its most rear centre of gravity. * !

ELTA-FLT-07
The main landing

gear shall be positioned such that the aircraft will be able to
pitch up 15 degrees while on the ground without a tail strike.

15.75° !
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ELTA-FLT-08 The line through the aft-most c.g. location and the main
landing gear shall be oriented at least 5 degrees from vertical. 5.25° !

ELTA-FLT-09 The landing gear shall
provide braking capabilities while the aircraft is on the ground.

Brakes on
main wheels !

ELTA-FLT-10 The landing gear shall provide
steering capabilities while the aircraft is on the ground.

Differential
braking !

ELTA-
CS-FLT-20

The nose wheel shall carry at least
8% of the aircraft weight with the most rear centre of gravity. 12% !

The compliancematrices for thehorizontal andvertical tail havebeenexcluded from this report, as these still have
to be designed in detail. Hence, only a few requirements can be assured to have been met at this stage of the
design. It should be noted that no design decision has beenmade thatwould restrict compliancewith any of their
requirements. Hence, the structural design is still on track to be compliant with all its requirements.
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6
Aerodynamics
This chapter goes over the aerodynamic analysis and aerodynamics driven design of several subsystems. These
subsystems include the wing and the empennage. Fuselage contributions are taken into account in this chapter,
however, the fuselage design is discussed in Chapter 5. First, Section 6.1 summarises all functions and require-
ments applicable to thewing and empennage aerodynamics. Then, Section 6.2 describes all the tools researched
and developed in order to execute the aerodynamic design. This includes an evaluation of the assumptionsmade
for these tools. After this, Section6.3 contains verificationandvalidationof the tools that areused. InSection6.4,
the design of the wing planform is performed. This includes airfoil selection. Next, Section 6.5 outlines the em-
pennage aerodynamic planform design, also including airfoil selection. After the initial planform is designed, an
analysis on the drag andOswald efficiency is performed in order to provide valuable output used in the evaluation
of requirement compliance and other subsystem design. Note that on aerodynamic analysis, a priority had to be
made on the development of the tools due to time constraints. The priority has been placed on the wing analysis
over the empennage, as the main wing generally has a bigger impact on overall aerodynamic performance. This
results in the use of more empirical tools for the empennage.

6.1. Functional Analysis and Requirements
This section includes all functions and requirements that are relevant to the aerodynamic design procedure. This
includes the wing and empennage subsystems. The functions are derived as a flow down of the functional flow
diagrampresented in thebaseline report [2]. Note thatonly therequirements thatare relevant to theaerodynamic
design are included per subsystem.
6.1.1.Wing Subsystem Functional Analysis
Considering aerodynamic analysis and design, the wing is the primary subsystem, thus is analysed in detail for
the functions and requirements. The following functions are taken or derived from themidterm report [1]. These
flow down from the functionsD.4, D.5, D.6 in the functional flow diagram, see Appendix A.
� ELTA-FUN-W-01 - Generate lift, such that the aircraft can fly;
� ELTA-FUN-W-02 - Provide roll control to the aircraft.

6.1.2.Wing SubsystemRequirement Analysis
The following requirements are set in order for the wing to adequately perform the above mentioned functions.
These requirements were taken or derived from themidterm report [1]. Note that also requirements concerning
the airfoil are included in the wing subsystem.
� ELTA-W-01 - The aircraft shall have a maximum lift coefficient of 1.4 in a clean configuration. This re-

quirement serves to comply with ELTA-FUN-W-01 and the value for the lift coefficient is determined in
the design point for the limiting configuration;

� ELTA-W-02 - The aircraft shall have an maximum lift coefficient of at least 1.8 in a take-off configu-
ration. This requirement serves to comply with ELTA-FUN-W-01 with the design point for the limiting
configuration in consideration;

� ELTA-W-03 - The aircraft shall have an maximum lift coefficient of at least 2 in a landing configuration.
This requirement serves to comply with ELTA-FUN-W-01;

� ELTA-W-04 - The wing shall house the ailerons. This requirement was set up, because the ailerons are
attached to the wing;

� ELTA-W-05 -The wing shall house the flaps. This requirementwas set up, because the flaps are attached
to the wing;

� ELTA-W-06 - The wing shall provide potential battery storage volume. This requirement was set up,
because of the need of battery storage;

� ELTA-W-13 -The wing shall have a safe stall behaviour. This requirement serves to complywith the need
for safety in flight training scenarios;

� ELTA-W-14 - The aircraft shall have a clean zero-lift drag coefficient of CD0 = 0.028. This requirement
serves to comply with the design point [1];

� ELTA-W-15 -The aircraft shall have a take-off zero-lift drag coefficient of CD0 = 0.038. This requirement
serves to comply with the design point [1];

� ELTA-W-16 - The aircraft shall have an Oswald efficiency factor of 0.83. This requirement serves to
comply with the design point [1];
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� ELTA-W-17 - The wing root shall stall before the wing tip. This requirement serves to complywithELTA-
W-13;

� ELTA-W-AF-01 -The airfoil shall provide a maximum lift coefficient of 1.55 during cruise conditions. This
requirements serves to comply with ELTA-W-01;

� ELTA-W-AF-02 - The airfoil shall have a thickness to chord ratio allowing potential battery storage. This
requirement serves to comply with ELTA-W-06;

� ELTA-W-AF-03 - The airfoil lift curve shall have a gradual stall behaviour. This requirement serves to
comply with ELTA-W-13.

6.1.3. Empennage Subsystem Functional Analysis
Next to the aerodynamic analysis and design of the wing, also the empennage, i.e. the horizontal and vertical
tail, should be aerodynamically analysed and sized. Therefore, a functional analysis and a requirement analysis
for the empennage was performed as well. The functions of the empennage follow from the stability & control
functional analysis. These functions are listed below.
� ELTA-FUN-SC-01 - The aircraft empennage should provide stability;
� ELTA-FUN-SC-02 - The aircraft configuration should provide the pilot with the ability to control the

aircraft.
6.1.4. Empennage SubsystemRequirement Analysis
� ELTA-W-HT-03 - The horizontal tail shall provide both positive and negative lift as required;
� ELTA-W-VT-02 - The vertical tail shall provide both positive and negative lift as required.

6.2. Analysis Tooling
In order to perform aerodynamic analysis, an adequate set of tools need to be selected. This section goes over
thedifferent tools consideredand selected for this process. Both analytical empirical and semi-empirical formulas
are considered, as well as numerical simulation tools. Both will be used in the actual design process as well as to
verify and validate each other.
6.2.1. Empirical & semi-empirical methods
Empirical and semi-empirical methods are used for efficiency and drag estimations. This is due to the lack of ana-
lytical solutionsand/oravailableaccuratenumerical tools. The (semi)empirical areemployeddue to thecapability
to include interaction effects between wing, fuselage and empennage into the drag and efficiency calculations.
This was deemed preferable over using more complex numerical tools for these purposes as it would provide
results with adequate accuracy for this phase of the project.
Zero lift drag estimation
Drag can be split up in two components: parasitic (zero-lift) and lift-induced drag. Note that the induced drag
is able to be calculated numerically using the numerical tool-set described later, since viscous effects can be ne-
glected for induced drag. The zero-lift drag of the aircraft is a factor that is highly dependent on viscous effects of
the airflow, however. Available tools are extremely limited in their ability to provide a good estimate of zero-lift
drag, thus only a semi-empirical method is used to calculate this drag. The following method is based on the
component drag build-up method. All formulas and statistical values used for the zero lift drag estimation are
based on [15]. The total zero lift drag of the aircraft is estimated by Equation (6.1) as the sum of the aircraft
components (𝑐). The components considered for this drag calculation are: wing, empennage and fuselage, with
the landing gear and flaps as miscellaneous components. Here the 𝑆 is reference surface area (wing surface
area), 𝐶፟ is flat plate skin friction coefficient, 𝐹𝐹 the component form factor and 𝐼𝐹 the Interference factor. The
interference factors 𝐼𝐹 are derived from statistics for every component.

𝐶ፃᎲ=
1
𝑆∑

፜
⋅𝐶 ᑔ፟ ⋅𝐹𝐹፜ ⋅𝐼𝐹፜ ⋅𝑆፰፞፭ᑔ+∑𝐶ፃᑞᑚᑤᑔ (6.1)

The skin friction coefficient 𝐶፟ depends on boundary layer type and Reynolds number. The ratio of turbulent and
laminar flow is determined on statistics per aircraft component. This depends on the component type and the
material chosen, but due to the presence of a nose-mounted propeller, the 𝐶፭፮፫፛፮፥፞፧፭ of the fuselage is assumed
to be 1. The total𝐶፟ is then given by Equation (6.2)with𝐶፭፮፫፛፮፥፞፧፭ being the fraction of turbulent boundary layer.
Equation (6.3) gives the friction coefficient for laminar boundary layer, and Equation (6.4) for turbulent boundary
layer, simplified for subsonic speeds. For this, Equation (6.5) is used for all Reynolds number calculations.

𝐶፟=𝐶፭፮፫፛፮፥፞፧፭ ⋅𝐶 ᑥ፟ᑦᑣᑓᑦᑝᑖᑟᑥ+(1−𝐶፭፮፫፛፮፥፞፧፭)⋅𝐶 ᑝ፟ᑒᑞᑚᑟᑒᑣ (6.2)
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𝐶 ᑝ፟ᑒᑞᑚᑟᑒᑣ=
1.328
√𝑅𝑒

(6.3) 𝐶 ᑥ፟ᑦᑣᑓᑦᑝᑖᑟᑥ=
0.445

logኻኺ𝑅𝑒
ኼ.኿ዂ (6.4)

𝑅𝑒= 𝜌𝑉𝑙ፑ፞𝜇 (6.5)

The form factor 𝐹𝐹 is calculated differently for the different components. For the wing and empennage Equa-
tion (6.6) is used, simplified for subsonic speeds. This equation requires additional airfoil characteristics which
are: (፱፜ )፦ፚ፱ location of maximum thickness, and

፭
፜ for thickness over chord ratio.

𝐹𝐹፰።፧፠,፞፦፩=1+
0.6

(𝑥/𝑐)፦ፚ፱
𝑡
𝑐 +100(

𝑡
𝑐 )

ኾ
(6.6)

The form factor of the fuselage is calculated with Equation (6.7). Here 𝐴፦ፚ፱ᑗᑦᑤ is the maximum cross section of
the fuselage and 𝑙፟፮፬ the fuselage length.

𝐹𝐹 ፮፬=1+
60
𝑓ኽ +

𝑓
400 width 𝑓=

𝑙፟፮፬

√(4/𝜋)𝐴፦ፚ፱ᑗᑦᑤ
(6.7)

Formiscellaneousdrag, thelandinggearandflapsareconsidered. ForthelandinggearEquation(6.8) isusedtode-
termineanadditionaldragcomponent to𝐶ፃᎲ . Here𝑆፬ is the landinggear referenceareadefinedasthefrontalarea.

Δ𝐶ፃᑃᐾ=Δ𝐶ፃᑤ
𝑆፬
𝑆 (6.8)

An additional drag contribution from the flaps is determined by Equation (6.9) simplified for plain flaps. Here
፜ᑗ
፜ is

the flap chord length as percentage of wing chord.
ፒᑗᑝᑒᑡ
ፒ is the wing area affected by the flap and 𝛿፟፥ፚ፩ is the flap

deflection.

Δ𝐶ፃᑗᑝᑒᑡᑤ=0.0144
𝑐፟
𝑐
𝑆፟፥ፚ፩
𝑆 (𝛿፟፥ፚ፩−10) (6.9)

All input valuesused to calculate aneventual𝐶ፃᎲ usingEquation (6.1) are presented inTable 6.8. TheOswald effi-
ciency factor calculationdependson thisvalueof thezero lift drag togetherwith thespanefficiency factorobtained
from the wing analysis tool. All results are presented in the appropriate section on wing or empennage design.
Oswald efficiency factor
Oswald efficiency is a major factor in the overall efficiency of the aircraft. Optimising the aerodynamic design for
theOswald efficiency is a driving factor in the optimisation of thewing, as it affects the take-off weight achievable
significantly. This is demonstrated by the sensitivity analysis performed in the midterm phase [1]. The span
efficiency factor, belonging to the wing alone, can be calculated numerically using the developed tool described
in Section 6.2.2. However the Oswald efficiency factor includes viscous effects and interaction effects, thus a
(semi)-empirical tool is used. The formulas used are a combination of methods as described in [16].
TheOswald efficiency factor 𝑒 is calculated using Equation (6.10), simplified for subsonic speeds, thus neglecting
compressibility effects. This equation includes a correction factor for the potential contribution of winglets 𝑘፞,ፖፋ.
The necessity of these will be investigated in Chapter 10. Furthermore, the Oswald factor depends on an inviscid
part 𝑄, a viscous part 𝑃, and the wing aspect ratio 𝐴. 𝑄 is given by Equation (6.11). This includes the theoretical
Oswald factor 𝑒፭፡፞፨ and a fuselage factor 𝑘፞,ፅ. 𝑃 is given by Equation (6.12), where 𝐾=0.38[16] is a correction
factor to the zero-lift drag 𝐶ፃᎲ , which is calculated using themethod described in the previous subsection.

𝑒= 1
𝑄+𝑃𝜋𝐴 ⋅𝑘፞,ፖፋ (6.10) 𝑄= 1

𝑒theo ⋅𝑘፞,ፅ
(6.11) 𝑃=𝐾𝐶ፃ,ኺ (6.12)

The theoretical factor 𝑒፭፡፞፨ is assumed equivalent to the span efficiency factor of the wing calculated by thewing
analysis tool. 𝑘፞,ፅ is given by Equation (6.13) and uses 𝑑ፅ as the fuselage width and 𝑏 as the wingspan.

𝑘፞,ፅ=1−2(
𝑑ፅ
𝑏 )

ኼ
(6.13)

Furthermore, the winglet factor 𝑘፞,ፖፋ is calculated by Equation (6.14). The depends on the winglet height ℎፖፋ,
the winglet effectiveness factor 𝑘ፖፋ and the wingspan 𝑏. The value of 𝑘፞,ፖፋ has to be taken from statistics, the
value used is shown in Table 6.9.
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𝑘፞,ፖፋ=(1+
2
𝑘ፖፋ

ℎፖፋ
𝑏 )

ኼ
(6.14)

6.2.2. Numerical methods
For 3D finite wing aerodynamic analysis, a numerical approach can be of great value. Also, during the detailed
airfoil selection analysis, a numerical result from e.g. the Vortex Panel Method is convenient to use alongside
experimental data.
Tools applicable to and considered for 2D airfoil analysis are XFoil 1 and Javafoil 2. Both use panel methods to
evaluate he potential flow, and have similar benefits and drawbacks. Thus the tool used is selected on the basis
of the 3D analysis tool.
For 3D analysis, the tools considered are Xflr5 3 and AVL 4. AVL makes use of the Vortex Lattice Method (VLM),
just like Xflr5. However, Xflr5 also supports 3D panel methods and lifting line theory. The selection was made
based on ease of use and further options, thus, Xflr5 will be used for further numerical analysis. This decision is
also supported by Xflr5 including XFoil by default, as well as using amore friendly user interface compared to the
command-line only interface of AVL.
Furthermore, a customtool is developed for lift anddraganalysis of the3Dwing. This is done inorder toeasily iter-
ateonthewingplanformdesignandgain insight inthedesignfactors. Thistool isdescribed inthefollowingsection.
CustomWing PlanformAnalysis Tool
In order to effectively iterate on design parameters, a custom tool was developed that calculates primarily the lift
distribution and other aerodynamic parameters, including the 𝐶ፋᒆ , 𝐶ፃᑚ and 𝐶ፋᑞᑒᑩ , as well as the span efficiency
factor. This tool is based on a numerical solution of the lifting line theory, constructed using [17] and [18].
The method is based around solving for N unknown coefficients 𝐴ኻ, ...,𝐴ፍ which form a truncated series. The
expression stating the equation to be satisfied for the coefficients can be seen in Equation (6.15)[18]. Here, 𝜃 is
the spanwise coordinate from 0 < 𝜃 < 𝜋, which maps to the normal spanwise coordinate ዅ፛

ኼ < 𝑦 <
፛
ኼ with 𝑏 the

wingspan. Furthermore, 𝑎ኺ is the local lift curve slope, 𝑐 the local chord and𝛼ፋ዆ኺ the local zero lift angle of attack.
Note that the solution of the coefficients is a function of angle of attack 𝛼.

4𝑏
𝑎ኺ𝑐

ፍ

∑
፧዆ኻ
𝐴፧sin(𝑛𝜃)+

ፍ

∑
፧዆ኻ
𝑛𝐴፧

sin𝑛𝜃
sin𝜃 =𝛼−𝛼ፋ዆ኺ (6.15)

With the coefficients known, this enables the lifting line theory to calculate the circulation distribution along the
span which can be seen in Equation (6.16)[18]. Here 𝑉ጼ is the free stream velocity. The circulation can be con-
verted to local lift coefficient and thus a lift distributionwith the use of Equation (6.17)[18]. Note that this formula
is used within the tool, thus, the free stream velocity cancels out and is not a required input of the lift analysis.
Furthermore Equation (6.18)[18] makes use of the dominant first coefficient to calculate the total lift coefficient
of the wing, with 𝐴 the aspect ratio of the wing.

Γ(𝜃)=2𝑏𝑉ጼ
ፍ

∑
፧዆ኻ
𝐴ፍsin𝑛𝜃 (6.16) 𝑐፥=

2Γ(𝑦)
𝑉ጼ𝑐(𝑦)

(6.17) 𝐶ፋ=𝐴ኻ𝜋𝐴 (6.18)

The theory also allows for the calculation of the induced drag as can be seen in Equation (6.20)[18], with 𝛿 from
Equation (6.19). This isa functionof𝐶ፋ,which is in turna functionofalpha, as is𝛿. Alongside the induceddrag, the
span efficiency factor canbe calculated aswell using Equation (6.21)[18], also using𝛿. The results of the induced
drag is to be evaluated with the addition of viscous effects, which are not included in the tool analysis due to lack
of realistically implementable and accurate methods for viscous analysis, and are addressed by (semi)empirical
methods as outlined in Section 6.2.1. The span efficiency factor can be used to evaluate the Oswald efficiency
factor of the whole aircraft by the sameway of addition of (semi-)empirical methods.

𝛿=
ፍ

∑
፧዆ኼ
𝑛(𝐴፧𝐴ኻ

)
ኼ

(6.19) 𝐶ፃᑚ=
𝐶ኼፋ
𝜋𝐴(1+𝛿) (6.20) 𝑒= 1

1+𝛿 (6.21)

1https://web.mit.edu/drela/Public/web/xfoil/, Last Accessed 03-06-2020
2https://www.mh-aerotools.de/airfoils/javafoil.htm, Last Accessed 03-06-2020
3http://www.xflr5.tech/xflr5.htm, Last Accessed 03-06-2020
4http://web.mit.edu/drela/Public/web/avl/, Last Accessed 03-06-2020
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The number of coefficients N to solve for requires N sample control points along the span to solve for the coef-
ficients, which then results in a 𝑁𝑥𝑁 matrix to solve. In Equation (6.15), 𝛼ፋ዆ኺ, 𝑎ኺ and 𝑐 are all a function of the
control points and thus of the spanwise location. In order to use the formulas stated above, a transformation has
to happen between the 𝑦-coordinate and 𝜃, seen in Equation (6.22)[18].

𝑦=−𝑏2cos𝜃 (6.22)

The coordinatemapping can be used in the following equations in order to obtain functions for the variable prop-
erties in the coefficient calculation in terms of the span location. Derived directly from unswept and taperedwing
geometry, Equation (6.23) describes a relation for tip (𝑐፭) and root chord (𝑐፫) in terms ofwing area (𝑆), wing span
(𝑏) and taper ratio (𝜆). Also derived directly from the unswept wing geometry, Equation (6.24) describes the
chord length along the span as a function of span.

𝑆= (𝑐፫+𝑐፭)𝑏2 ⇔𝑐፫=
2𝑆

𝑏(1+𝜆) with 𝑐፭=𝜆𝑐፫ (6.23) 𝑐(𝑦)= 2(𝑐፭−𝑐፫)𝑏 |𝑦|+𝑐፫ (6.24)

The lift curve slope also is dependent on the control point location and can be linearly interpolated between the
known values of the root airfoil lift curve slope (𝐶ፋᒆ ,፫) and the tip airfoil lift curve slope (𝐶ፋᒆ ,፭) using formula
Equation (6.25)

𝐶ፋᒆ(𝑦)=
2
𝑏(𝐶ፋᒆ ,፭−𝐶ፋᒆ ,፫)|𝑦|+𝐶ፋᒆ ,፫ (6.25)

Furthermore, the local twist has to expressed in function of 𝑦 as well. This equation was derived as a linear
interpolation over the span

𝜏(𝑦)=𝜏1−|𝑦|𝑏 (6.26)

Finally the zero lift angle of attack has a relation to the spanwise location described in Equation (6.27). This is also
a linear interpolation over the span with 𝛼ፋ዆ኺ,፭ for the tip and 𝛼ፋ዆ኺ,፫ for the root being known parameters. Note
the addition of the local twist 𝜏(𝑦).

𝛼ፋ዆ኺ(𝑦)=
1
𝑏(𝛼ፋ዆ኺ,፭−𝛼ፋ዆ኺ,፫)|𝑦|+𝛼ፋ዆ኺ,፫−𝜏(𝑦) (6.27)

The equations above describe all parameters used in the determination of the lift distribution. The control points
are sampled linearly over𝜃N times, and is then solved using amatrix solver. Following the verification of this tool,
it will be used to judge the design parameters of the wing planform. Note that the lift distribution used as input
for the structural analysis will be taken from the analysis in Xflr, with the planform parameters the design tool has
optimised. Thus the purpose of the development of this custom tool becomes clear as an optimisation tool.

6.3. Verification & Validation of Design Tools
Te following sectiondiscusses theverificationandvalidation thatwasdone toensure reliable results fromthe tools
used. First, Xflr5 is validated on its 2D implementation with experimental data from NACA [19].
6.3.1. Numerical Tool Validation
The Xflr5 tool includes 2D (Xfoil) and finite wing analysis, which in the best case are both to be validated using
experimental data.
XFoil 2D Validation
Anumber of airfoil polars are compared to experimental data to assess the validity of theXfoil results. For this, the
NACA series are used, since the experimental polars have been reliably documented. The simulation will be run
usingReynoldsnumbers available in theexperimental data. First, theminimumandmaximumReynoldsnumbers
thatareapplicablearedeterminedbasedontheoperatingconditionsof theaircraft. Thesecanbeseen inTable6.1
andaredeterminedwith themeanaerodynamic chord from themidterm report [1]. Since theNACAexperimental
data provides polars for 𝑅𝑒=3.0𝑒6 and 𝑅𝑒=6.0𝑒6, these are close enough to the determined values and will be
used for comparison. The results are compared with 2 airfoils: the NACA4415, and NACA65(2)-415. The first is
chosen as it is the base airfoil chosen in the midterm phase, while the latter airfoil is used since the 6-series was
deemed a possible option as well in the midterm report, because of the high lift and drag performance [1]. The
experimental data of these airfoils is retrieved from [19].

𝑅𝑀𝑆𝐷=√
∑ፍ፧዆ኻ(𝑦̂፧−𝑦፧)

ኼ

𝑁
𝑁𝑅𝑀𝑆𝐷= 𝑅𝑀𝑆𝐷

𝑦፦ፚ፱−𝑦፦።፧
(6.28)
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Table 6.1: Reynolds Number Range

MAC [m] [1] 𝜈 [m2/] 𝑉 [kts] [1] 𝑅𝑒
Min Reynolds number 1.45 13.28e-6@ 0C 45 2527673
Max Reynolds number 1.45 15.52e-6@ 25C 120 5767611

Figure6.1 shows thepolar comparisonof the4415 for𝑅𝑒=3𝑒6., andFigure6.2 shows thepolar comparisonof the
65(2)-415 for 𝑅𝑒=6𝑒6, between the XFoil results and the experimental data. The analysis has been performed
for both 𝑅𝑒 = 3𝑒6 and 𝑅𝑒 = 6𝑒6 for both airfoils, and the resulting error can be seen in Table 6.2. For this, the
normalised root-mean-square deviation (NRMSD) Equation (6.28) 5 was used as a metric, in order to extract
percentage contingency margins out of the results. Here, 𝑦̂፧ is the predicted value, and 𝑦፧ the validation data
for N samples. The errors in Table 6.2 are evaluated for the full range provided by the experimental data, and a
limited range, since it is known that the panel methods are not always accurate close to Clmax. The limited range
for 𝐶፥−𝛼 is taken to be [ -10, 8 ] and for 𝐶፥−𝐶፝ [-0.8, 1.2] is used. This demonstrates higher accuracy of the
numerical tools at lower angle of attack. The NRMSD peaks at 18% for the drag polar NACA4415. This value can
be decreased when staying in the lower AoA. All other errors are lower, thus the airfoil analysis in Xflr5 is deemed
accurate enough for this design phase.

Figure 6.1: NACA 4415 Result Comparison

Figure 6.2: NACA 65(2)-415 Result Comparison

5https://www.marinedatascience.co/blog/2019/01/07/normalizing-the-rmse/ Last accessed on 05/06/2020
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Table 6.2: XFoil validation errors

Airfoil NRMSD 𝐶፥−𝛼
𝑅𝑒=3𝑒6

NRMSD 𝐶፥−𝐶፝
𝑅𝑒=3𝑒6

NRMSD 𝐶፥−𝛼
𝑅𝑒=6𝑒6

NRMSD 𝐶፥−𝐶፝
𝑅𝑒=6𝑒6

Full range:
NACA 4415 4.6% 16.4% 3.9% 18.0%
NACA 65(2)-415 1.7% 8.3% 1.2% 6.5%

Limited range:
NACA 4415 2.7% 8.7% 2.8% 9.8%
NACA 65(2)-415 1.2% 8.3% 1.0% 3.6%

XFlr5 FiniteWing Validation
No experimental data usable for finite wing analysis could be found or analysed in the given time frame. Instead
is it assumed that due to the validity of the 2D analysis demonstrated in the section above, the 3D analysis using
Xflr5 is deemed satisfactory for the design needs. This decision is based on the fact that the viscous analysis will
not be used numerically, and will instead be addressed by (semi)-emperical methods, and this removes part of
the inaccuracy in the 3D analysis that will be used due to the nature viscous analysis is implemented in Xflr5 6.
6.3.2. Analytical Model Verification
Thewing planformmodel developed in Section 6.2 has to be verified before trusting the results in the design pro-
cess. The Xflr5 3D analysis will be used for this, as the validity of this tool has been partially demonstrated in Sec-
tion6.3.1. Theverification isperformedonamodelofwingplanformwithsimilardimensions that is tobeexpected
fromtheactual designbasedon theconceptual design results [1]. Theparametersused for thewingmodel canbe
seen in Table 6.3. The output from themodel analysis and Xflr analysis are compared and errors are presented in
Table6.3. Forthedistributionerror, theNRMSDisusedagaintoquantify thedifference in liftdistribution. Thisanal-
ysis isperformedon3anglesofattack from2° to10°. The lift distribution, total lift, lift curveslopeand induceddrag
arecompared. As canbeseen fromthe table, thevalues forall parametersarevery closewithinacceptablemargin
of error. The actual lift distributions are plotted in Figure 6.3 and theNRMSD relate to those distributions. Looking
at the results minimal error’s can be seen, thus the aerodynamic tool will be used further in the design process.

Table 6.3: Wing planform Model Verification

A S
[m2]

V
[m/s]

taper twist
[deg]

tip airfoil root airfoil CL - alpha

10 15 50 0.9 2 NACA4415 NACA65(2)415 Model 𝐶ፋᒆ [/deg] 0.082
Xflr 𝐶ፋᒆ [/deg] 0.083

diff 𝐶ፋᒆ 1.2%

Alpha
[deg]

Model
CL

Xflr CL diff CL Cl NRMSD Model
CDi

Xflr CDi diff CDi

2 0.54 0.58 6.9% 5.1% 0.010 0.009 11.1%
6 0.87 0.88 1.1% 5.7% 0.025 0.025 0.0%
10 1.20 1.21 0.8% 6.0% 0.048 0.047 2.1%

6.3.3. Future Validation &Verification
Aswritten above, the verification procedure of the customwing analysis tool, aswell as the final used results of lift
and (induced) drag distributions are performed and obtained from the Xflr5 3D analysis. As alreadymentioned in
Section6.3.1, the full 3DvalidationofXflr5couldnotbeperformedwithin thegiventimeframe. Toensure thequal-
ity of the design parameters that come out of the iteration tool, and the distributions, a full validation of the 3D re-
sultsofXflr5has tobeperformed. For this,wind tunneldataof finitewingmodelshas tobeavailable. This can then
be comparedwith Xflr5 results analogous to what has been done for the custom tool verification in Section 6.3.2.
6http://www.xflr5.tech/xflr5.htm, Last Accessed 03-06-2020
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6.4.Wing design

Figure 6.3: Model Lift distribution vs Xflr5

6.4.Wing design
The following section will describe the design process for the wing. Themain wing of the aircraft will be designed
based on the outcome of themidterm design report [1]. Several considerations weremade, however, before this
detail design was initiated. The sensitivity analysis in the midterm report [1] shows that the aerodynamic design
has a predominant influence on the take-off weight. Thus, considerations in this chapter were always made in
favour of aerodynamic performance. However, safety should be prioritised over performance, particularly in the
case of a trainer aircraft. The design will thus first be considered in terms of safety, and only then is performance
optimised. Naturally, both will be optimised if possible. Section 6.2.2 describes the tool that is used to evaluate
the planform design. Note that sweep is not considered to the main wing. This is due to the strictly subsonic
and relatively slow speeds of the aircraft. Hence, sweep will generally decrease aerodynamic performance and
increase structural complexity. This decision is reinforced by the fact that low speed general aviation aircraft
generally do not have quarter chord sweep applied.
6.4.1. Design for safety
The safety aspect of the aerodynamic design of the aircraft particularly concerns the stall properties of the wing.
The scope of this is encompassed by requirement ELTA-W-13 and, more specifically, its sub-requirements,
ELTA-W-17 and ELTA-W-AF-03. This can be achieved by selecting the right airfoil, and by designing thewing
planform accordingly.
Airfoil selection
The airfoil, as per requirement ELTA-W-AF-03, should have gradual stall behaviour. In accordance with this
requirement, thedecisionwasmadeto limit thescopeofpossibleairfoils to theNACA4-series,whichareknownfor
their benign stall characteristics [14]. In a semi-qualitative trade-off procedure, theairfoilswithin this familywere
scored on lift, drag and structural depth (more detail found in themidterm report of this project [1]). Thewinning
airfoilwas theNACA4415. Data shows that this airfoil has very smooth stall characteristics [20],while at the same
timehavingdecent lift, drag and structural characteristics. Its geometry is shown in Figure 6.4. The experimental
airfoil properties are shown in Table 6.4 (values taken for𝑅𝑒=6⋅10ዀ) [19]. Additionally, the airfoil data shows no
evidence of the presence of laminar separation bubbles at these Reynolds number, which is beneficial for the lift
curve slope and the stall characteristics of the profile. Note that even though the analysis tools are able to analyse
variable airfoils, the advantages aremarginal, and the increased complexity onmanufacturing is deemed a large
enough disadvantage to not consider variable airfoil for the final design.
Initial wing planform considerations
Inorder for thefullwingtohavesafestall characteristics, asdictatedbyrequirementELTA-W-13, thewingshould
also have smooth stall progression. An additional consideration is that the ailerons need to remain operational
despite partial stall of thewing. Associatedwith this requirement is that the onset ofwing stall should occur at the
inboardlocationofthespan[21],asalreadydeterminedinrequirementELTA-W-17. Asalimitation, itwaschosen
to use amaximum in-board stall position of |፲|፛/ኼ =0.4. Additionally, another limitation is that the difference of stall
anglebetweentheangleoftheinitialstallpositionandthestallangleat |፲|፛/ኼ =0.75 isat least1degree,astheailerons
are likely to be locatedmoreoutboard than0.75%of thewing. Both of thesemeasures should achieve a sufficient
contingencymargin for safe stall characteristics. To achieve this, a geometric twist is applied from the tip chord to
therootchordof thewing, thus increasingtheeffectiveangleofattackof therootchordand, consequently,moving
thestall locationinboardwithouthavingtosacrificeaerodynamicperformanceduetotuningofotherwingplanform
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parameters. Adownside to twist is that it increasesmanufacturing complexity, and therefore, the cost of thewing.
In order to evaluate the stall onset location and progression over the span, the customdesign tool determines the
intersection of local 𝐶፥ᑞᑒᑩ of the lift distribution with the local 𝐶፥ᑞᑒᑩ of the airfoil distribution [22]. This is iterated
to generate a stall progression plot, the result of which can be seen in Figure 6.6. This procedure includes the
method of determining the𝐶ፋᑞᑒᑩ of thewing, as this fist point of contact with lift distribution and airfoil maximum
lift limit is taken as fist stall onset, fromwhich the total wing 𝐶ፋ can be calculated using the lift distribution at that
point, as described in Equation (6.18). The same holds for stall onset location, as it directly flows out of the fist
stall onset determined by the tool.

Figure 6.4: NACA 4415 airfoil geometry (root chord)

Parameter Value Unit
Maximum section lift coefficient 𝐶ᑝ,ᑞᑒᑩ 1.6 [−]

Lift curve slope 𝐶ᑝᒆ 5.73 [1/𝑟𝑎𝑑]
Zero lift angle of attack 𝛼ᑃᎾᎲ -0.007 [𝑟𝑎𝑑]

Table 6.4: Properties of the NACA 4415 airfoil @ፑ፞዆ዀ⋅ኻኺᎸ

6.4.2. Design for performance
To make electric flight feasible, the aerodynamic performance of the airplane during cruise should be optimised
as far as possible. For the clean configuration wing, this concerns requirement ELTA-W-01, ELTA-W-14 and
ELTA-W-16. These parameters were analysed using the tools described in Section 6.2.1 and Section 6.2.2.
These were achieved by adjusting the taper ratio of the wing to obtain the best possible lift distribution. Prefer-
ably, the Oswald efficiency is maximised beyond the requirement of 0.83, as this parameter in particular has a
large influenceon the take-offweightof theaircraft asdemonstratedby thesensitivityanalysis [1]. Due to the lim-
itations of these tools, the fuselage influence on thewing lift distribution cannot be straightforwardly determined.
Thus, as a contingency margin, the design maximum lift coefficient shall be increased by a margin of ፛

፛ዅ፰ᑗᑦᑤ
, to

account for the effective ”shortening” of the wing by adding a fuselage to the span. Note that the determination
of themaximum lift coefficient has already been described in Section 6.4.1.
Results of the analysis are shown in Figure 6.5, which visualise how themaximum lift coefficient and the span effi-
ciency factor behave for different twist and taper ratios. The first conclusion that can be drawn from these figures
is that the optimum is created by a combination of twist and taper. Additionally, the optimum taper ratio always
tends to lie between 0.3 and 0.6. Within this range, a discrete number of design options were selected. Those
that did not meet the required maximum lift coefficient or the additional stall safety limits set in Section 6.4.1,
were excluded, and the design with the largest span efficiency factor was found. The resulting wing design is
presented in Section 6.4.3.
6.4.3.WingDesign Results
As already mentioned previously, the design tool was iterated to provide a discrete number of ranked options
of twist and taper. The effect of twist and taper ratio combinations was evaluated on the basis of 𝐶ፋᑞᑒᑩ , span
efficiency factor𝑒፬፩ፚ፧, and the spanwise stall onset position. Themaximum lift coefficient (in clean configuration)
had to adhere to the minimum required given by ELTA-W-01. The same held for the initial stall location. The
final chosen design parameters presented in Table 6.5 were deemed the most acceptable combination as they
adhere to the lift and efficiency requirementswithinmarginwithout having excessive twist in favour of structures.
From the aforementioned analyses, the final wing parameters were determined, that can be found in Table 6.5.
A visualisation of the wing planform is shown in Figure 6.7. Table 6.5 shows the parameters that define the wing,
including airfoils.
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6.4.Wing design

Figure 6.5: Wing planform Design Parameters Iteration

Figure 6.6: Main Wing Stall Onset Progression

Figure 6.7: Wing Planform
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Table 6.5: Wing Planform Design Results

Parameter Symbol Value Unit
Design point

Aspect ratio 𝐴 10.1 -
Wing surface area 𝑆 14.7 m2
Wing span 𝑏 12.2 m

Airfoils (NACA4415)
Clmax root 𝐶ፋᑞᑒᑩ ,፫ 1.6 -
Clmax tip 𝐶ፋᑞᑒᑩ ,፭ 1.6 -
Lift curve slope root 𝐶ፋᒆ ,፫ 0.1 1/deg
Lift curve slope tip 𝐶ፋᒆ ,፭ 0.1 1/deg
Zero lift angle of attack root 𝛼ፋ዆ኺ,፫ -4 deg
Zero lift angle of attack tip 𝛼ፋ዆ኺ,፭ -4 deg

Design parameters
taper ratio 𝜆 0.45 -
twist (tip - root) 𝜏 5 deg

6.5. Empennage Aerodynamic Design
This section goes over the aerodynamic design process of the empennage. This includes both the horizontal and
vertical stabilisers. Chapter 7 assesses stability and control and designs for the surface area of the horizontal and
vertical tail. With the surface areas as given input, a planform shape of the empennage surfaces can be designed,
based onmainly aerodynamic considerations.
6.5.1. Airfoil Selection
Airfoil selection for the empennage is more limited than for the wing. In general, symmetrical airfoils are used
for this. The focus while choosing an empennage airfoil should be onminimising the trim drag. Also stability and
control requires a certain lift coefficient to be generated from the horizontal tail surface. With this, also struc-
tural considerations are important as thinner airfoils pose an extra challenge for structural design and are able to
increase the weight.
Thehorizontal tail airfoil selection isbasedon thecriteriaof the lift curveslope, structural thicknessandstall safety.
The lift curve slope of the horizontal tail should be as high as possible [23], as this has an advantageous effect on
the stability curve as describes by Equation (7.3). From this can be derived that the airfoil 𝑐፥ as well should be as
high as possible.
When evaluating reference aircraft, symmetrical airfoils are widely used for the horizontal stabiliser. The advan-
tage of using a cambered airfoil in this area is to delay the lower surface stall [23]. This optionwill not be designed
with in order to reduce structural complexity and drag in this area. Also, since the Dragonfly is not an aerobatic
aircraft, no particular requirement is set on the maximum lift coefficient of the tailplane, thus the use of simple
symmetrical airfoils is deemed acceptable.
Tonarrowdowntheoptions, theconventionalchoiceofNACA0009andNACA0012areconsideredforthehorizontal
andverticalstabiliserbasedonliterature[23]. Whenlookingatboththeseairfoils, theliftcurveslopeandmaximum
lift coefficient are compared. The NACA0009 has 𝐶፥ᒆ =6.30/𝑟𝑎𝑑 and NACA00012 has 𝐶፥ᒆ =6.45/𝑟𝑎𝑑 [19]. Both
airfoils havesimilar rangesofanglesof attack, but theNACA0012has theadvantage in structural depthbecauseof
the largethickness ratio, andhas the larger lift curveslope. Theadvantageof the thinner0009 isslightly lowerdrag
polar, however, the advantagesof the0012make it the choice of airfoil for both thehorizontal an vertical stabiliser.
6.5.2. PlanformDesign
For the stabilisers, an aspect ratio, taper and sweep is chosen based on statistical and empirical methods.
Horizontal Stabiliser
Theaspect ratio of the horizontal stabiliser has both significant aerodynamic and structural effects that need to be
taken into account. Higher aspect ratios generally increase the aerodynamic effectiveness of the tailplane, which
in turn is advantageous for control and stability. Disadvantages of high aspect ratio for the horizontal tailplane
include the reduction of the stall angle of attack and increase in structural weight [24]. The aspect ratio for sub-
sonic aircraft lies in the range of 3<𝐴፡<5 [8]. To limit the range, only 3<𝐴፡<4 is considered as aspect ratio of
5 is deemed too high in the interest of structural weight.
Even tough the custom wing design tool is not suitable for low aspect ratios, the results of the design parameter
iteration seen in Figure 6.5 illustrate an optimum taper ratio over no taper at all for an increase in aerodynamic
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performance and efficiency. For the horizontal tailplane, a slight taper is considered for an advantage in the
aerodynamic performance, while also reducing structural weight. The range of possible tapers in similar aircraft
is between 0.3<𝜆፡<1[8]. High taper ratios increase the chance of tip stall [25], thus the range of possible taper
ratios will be limited to 0.6<𝜆፡<1.
For lowspeedaircraft like theDragonfly, nosweep is required for copingwithshockwavesandhighmachphenom-
ena. However, a number of other effects can be seen fromapplying sweep to the horizontal tailplane. An increase
in sweep increases themoment armof the horizontal tailplane, thus, technically increasing the controllability and
stability effectiveness of the horizontal tail. Furthermore, an increase in sweep has an advantageous effect on
stall delay. Hence, sweep is considered for the sake of stall safety. Also, an increase in sweep angle decreases the
lift curve slope, which has a negative effect on the stability curve. However, this is partially compensated by the
accompanying increase in moment arm from the perspective of control and stability. This is supported by Toren-
beek [23], as up to 25 degrees sweep, an advantage can be seen. For the sake of structural simplicity, a sweep
that yields a straight trailing edge is used, which significantly reduces structural considerations for the elevator.
To decide on an aspect ratio and taper, the maximum angle of attack is evaluated using DATCOMmethod for low
aspect ratiowings [17]. As themaximumangle of attack increases the stall safety of the empennage,maximising
this angle was a driving factor, while staying inside the statistical feasibility ranges. Figure 6.8, Figure 6.9 and
Figure 6.10 were used to determine the (𝛼ፂᑃᑞᑒᑩ )፛ፚ፬፞ and Δ𝛼ፂᑃᑞᑒᑩ which added together formed an estimate for
the stall angle. For this, no compressibility correctionwas used due to low speed critical cases. Furthermore, Λፋፄ
was determined on the basis of the zero angle trailing edge sweep. From geometry, Equation (6.29) is derived
with 𝜆 the taper ratio and 𝐴 aspect ratio.

Λፋፄ=arctan
4
𝐴
1−𝜆
1+𝜆 (6.29)

Figure 6.8: DATCOM Alpha stall low aspect ratio coefficients [17]

Figure 6.9: DATCOM Alpha stall low aspect ratio base [17] Figure 6.10: DATCOM Alpha stall low aspect ratio delta [17]
This estimation is run for a number of different aspect ratio’s and taper ratio’s. Note thatwith𝐴=4, themaximum
taper ratio allowed by theDATCOMmethod is 0.7, since otherwise, Figure 6.9 overshoots the range for lowaspect
ratio. Due toa limitedamountof tools, thisdictates the taper ratio rangeconsideredaswell to0.7<𝜆<1. Table6.6
shows the DATCOM results of stall angle of attack for different taper and aspect ratio’s. As can be seen from the
table, the best combination for stall would be for no taper with aspect ratio 3. Some taper is desirable for other
reasons outlined in the paragraphs above, so the second best option of 𝜆 = 0.4 and 𝐴=3 is chosen as planform
for the horizontal tail, see Figure 6.11.
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Table 6.6: Horizontal stabiliser planform stall estimation

Taper Aspect ratio (𝛼ᐺᑃᑞᑒᑩ )ᑓᑒᑤᑖ [deg] Δ𝛼ᐺᑃᑞᑒᑩ [deg] 𝛼ᑞᑒᑩ [deg]

0.7 3 21.0 -6.5 14.5
0.8 3 21.1 -7.5 13.6
0.9 3 21.4 -7.5 13.9
1.0 3 21.4 -6.5 14.9
0.7 4 20.5 -6.5 14.0
0.8 4 20.4 -7.0 13.4
0.9 4 20.5 -7.5 13.0
1.0 4 20.5 -7.5 13.0

Figure 6.11: Horizontal Stabiliser Planform

Table 6.7: Empennage Planform Parameters

Horizontal stabiliser
Area 𝑆፡ [m2] Chapter 7 3.83
Airfoil NACA0012
Aspect ratio 𝐴፡ 3
Taper 𝜆፡ 0.7
Sweep TE Λፓፄᑙ[deg] 0
Sweep LE Λፋፄᑙ [deg] 13.2

Vertical Stabiliser
For the discussion regarding the design of the vertical tail plane please refer to Chapter 7.

6.6. Aerodynamic Performance & Efficiency
Nowthat thewingandempennagehavebeendefined, ananalysison thedragandefficiencycanbedone. For this,
the 𝐶ፃᎲ and thus Oswald efficiency factor are to be determined with the tools explained in the previous sections.
The zero-lift drag calculation requires a set of inputs, given in Table 6.8. These are organised per drag component
analysed, thus wing, empennage and fuselage, together with miscellaneous inputs. The leakage contingency
margin is applied to the total value of 𝐶ፃᎲ . The other aerodynamics output parameters of the defined planform
are given in Table 6.9.
Thevaluesforthewettedareaforthecomponentsarecalculatedasfollows. Forthefuselage, thiswasderivedfrom
CADgeometry. For thewingwettedarea, thewingarea is takenminus the fuselagecoveredpart. This area is then
multiplied by 2.06 (derived from airfoil geometry) to obtain the wetted area from surface area. For empennage,
the horizontal and vertical tail areas are multiplied by 2.04 (derived from airfoil geometry) to get wetted area.
Note that values for winglet sizing are implemented here as well. This is set to a 0.3m height in order to increase
the Oswald efficiency factor, while not oversizing the winglets and adding more weight than the aerodynamic
improvements.

Table 6.8: Zero lift drag estimation inputs

Wing Empennage Fuselage
𝑆ᑨᑖᑥ [m2] 26.93 9.55 17.51
𝐶ᑥᑦᑣᑓᑦᑝᑖᑟᑥ 0.65 0.65 1
𝑙ᑉᑖ [m] 𝑀𝐴𝐶=1.27 𝑀𝐴𝐶=1.5 𝑙ᑗᑦᑤ
𝑙ᑗᑦᑤ [m] N/A N/A 9.42

𝐴ᑞᑒᑩᑗᑦᑤ [m2] N/A N/A 1.218
𝑡/𝑐 0.15 0.12 N/A

(𝑥/𝑐)ᑞᑒᑩ 0.3 0.3 N/A
𝐼𝐹 [15] 1.25 1.05 1

Miscellaneous
𝑆ᑤ [m2] 0.14
Δ𝐶ᐻᑤ 0.15
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𝛿ᑗᑝᑒᑡ [deg] 40
ᑔᑗ
ᑔ 0.8

ᑊᑗᑝᑒᑡ
ᑊ 0.623

Other
𝑉 [m/s] 23.15
𝜌 [kg/m3] 1.12
𝜇 [Pa s] 1.8e-5

leakage contingency margin 5%

Table 6.9: Aerodynamic Performance Results

Parameter Symbol Value Unit
Wing lift curve slope 𝐶ፋᒆ 0.08 1/deg
Wing CLmax 𝐶ፋᑞᑒᑩ 1.52 -
Wing alphamax 𝛼፦ፚ፱ 10.2 deg
Span efficiency factor 𝑒፬፩ፚ፧ -
Zero lift drag clean 𝐶ፃᎲ ,፜፥፞ፚ፧ 0.0176 -
Zero lift drag with flaps 𝐶ፃᎲ ,፟፥ፚ፩፬ 0.0331 -
Oswald efficiency factor clean 𝑒 0.816 -
Winglet height ℎፖፋ 0.3 m
Winglet effectiveness factor 𝑘ፖፋ 2.1 -

6.7. Assumptions and Limitations
A number of assumptions have been made during the design and development of the aerodynamic planforms.
These are documented in this section to be as complete as possible, alongwith the limitations these assumptions
bring.
6.7.1. Validation&Verification
� XFlr5 3D method not validated, assumed to be accurate enough based on the 2D validation. This was

assumed due to lack of available validation data and time constraints;
� The span efficiency factor calculation done by the custom wing analysis too was assumed to be accurate.

Following the verification of the lift distribution of this tool, the coefficients the tool uses were deemed ac-
curate, thus, since the calculation of the efficiency factor uses the same coefficients as the lift distribution
calculation, it was assumed accurate as well. The efficiency factor out of XFlr5 was not used to verify this,
since this results of the panel method used by XFlr5 is known to be overestimated 7.

6.7.2. Assumptions and simplifications
� All compressibility effect were neglected. Due to the low speed nature of the aircraft, compressibility does

not have significant impact on the aerodynamic behaviour. However completely neglecting this always
introduces discrepancies in comparison to the real world;

� 𝐶ፋᑞᑒᑩ calculation model has no strong theoretical basis. The source for this method states that, ”Though
this estimate has no strong theoretical justification it is also given as the preferred method by DATCOM”
[22]. The accuracy of this method therefore may be limited to an unknown degree. Its employment in the
determination of the stall progression should also be put under scrutiny;

� Oswald efficiency factor does not include empennage contribution. Since the low-aspect ratio wing plan-
formwasmore difficult to analysewithin the short time span of this project, the empennage contribution to
the total oswald efficiency factor has been redacted. This results in an underestimation of this factor;

� Winglet contribution only models effect on oswald efficiency. The addition of winglet contribution is only
integratedintothecalculationofthetotaloswaldefficiencyoftheaircraft. Itdoesnottakeintoaccounttheef-
fect on zero-lift drag, wingmoment coefficient, structural characteristics of thewing andmanufacturability.

6.7.3. XFlr5 Theoretical Limitations
Xflr5usesVLMand3dpanelmethodsasmentionedinthesectionsabove. Thesemethodscontainsomedrawbacks
due to the assumptions made in the algorithms. The 3main drawbacks of the Xflr5 implementation are: 8

� 3D geometry is entirely composed of flat quad panels: Real wing geometry is not manufacturable that
7https://engineering.purdue.edu/~aerodyn/AAE333/FALL10/HOMEWORKS/HW13/XFLR5_v6.01_Beta_Win32%282%
29/Release/Guidelines.pdf Last Accessed 19/06/2020
8http://www.xflr5.tech/docs/Part%20IV:%20Limitations.pdf Last Accessed 03-06-2020

45

https://engineering.purdue.edu/~aerodyn/AAE333/FALL10/HOMEWORKS/HW13/XFLR5_v6.01_Beta_Win32%282%29/Release/Guidelines.pdf
https://engineering.purdue.edu/~aerodyn/AAE333/FALL10/HOMEWORKS/HW13/XFLR5_v6.01_Beta_Win32%282%29/Release/Guidelines.pdf
http://www.xflr5.tech/docs/Part%20IV:%20Limitations.pdf


6.8. Risks

way, thus a discrepancy in geometry is always present. This introduces numerical errors, however these
are expected to be small with high enough panel density and appropriate distribution;

� The viscous drag analysis is merely an interpolation of viscous drag from local 2D wing lift: This leads to
underestimation of the total drag;

� Lack of interactive boundary layer feedback loop in 3D panel method: This leads to no valid results for high
angles of attack or low Reynolds numbers in 3D wing evaluation.

6.8. Risks
A high impact risk for aerodynamic design is the possibility to not meet the performance requirements. Verifica-
tion and compliance analysis of the resulting wing design has a risk of not meeting 𝐶ፋᑞᑒᑩ , efficiency or safe stall
characteristics. Chances of this are low, since these are the driving requirements that guide the aerodynamic
design. However, testing has to be planned to evaluate the actual lift, drag, and efficiency of the aircraft, during
which over estimations of performance in this design chapter can arise.
Another risk is the effect of the aerodynamic design parameters on structural complexity and thusweight. There-
forethere isariskof thewingand/orempennageweightsbeinghigherthanexpectedwhichreducestheendurance
and range performance. Tying into this, themanufacturability of the wing structures can be affected by the plan-
formdesignwhich has a risk of posing extra challenges and costswhich are higher thanexpected. These risks can
be reduced bymaking aerodynamics and structureswork together closely and plan evaluationmeetings together
with the systems engineer to make sure no complications arise.
Noise has not been analysed for the main wing and empennage, for which aerodynamic noise is the main con-
tributor, There is a risk of the noise from these sources being higher than expected, which results in a decreased
market appeal. These components will be windtunnel tested where they will be analysed for noise.
Further integration of the planform affected subsystems with the rest of the aircraft has a chance of showing
incompatibilities which were not anticipated. This poses a risk which can result in an unfeasible design. It is the
job of the systems engineer and the team as a whole to make sure this does not happen and integration of all
components guaranteed.

6.9. Compliance Matrix
Empennage compliance is presented in Chapter 7. Table 6.10 Shows the compliance matrix of the wing aero-
dynamic requirements presented in Section 6.1. Requirements ELTA-W-02 and ELTA-W-03 are treated in
Section 7.8.

Table 6.10: Compliance matrix Wing aerodynamics

Identifier Requirement Value Req. met?
ELTA-W-01 The aircraft shall have a maximum lift coefficient of 1.4 in a clean

configuration.
1.52 !

ELTA-W-04 The wing shall house the ailerons. * !
ELTA-W-05 The wing shall house the flaps. * !
ELTA-W-06 The wing shall provide potential battery storage volume. not relevant

anymore
ELTA-W-13 The wing shall have a safe stall behaviour. * !
ELTA-W-14 The aircraft shall have a clean zero-lift drag coefficient of CD0 =

0.028.
0.0176 !

ELTA-W-15 The aircraft shall have a take-off zero-lift drag coefficient of CD0
= 0.038.

0.0331 !

ELTA-W-16 The aircraft shall have an Oswald efficiency factor of 0.83. 0.844 !
ELTA-W-17 The wing root shall stall before the wing tip. * !
ELTA-W-AF-01 The airfoil shall provide a maximum lift coefficient of 1.55 during

cruise conditions.
1.6 !

ELTA-W-AF-02 The airfoil shall have a thickness to chord ratio allowing potential
battery storage.

not relevant
anymore

ELTA-W-AF-03 The airfoil lift curve shall have a gradual stall behaviour. * !
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7
Stability and Control
This chapter discusses the assessment of the stability and control of the aircraft. In Sections 7.1 and 7.2 the func-
tional and requirements analysis is performed respectively. The sizing of the horizontal tail and the determination
of the optimal wing position is described in Section 7.3. In Section 7.4 the sizing of the vertical is described. The
sizing of the control surfaces is then described in Section 7.5. The risk assessment that has been performed will
be touched upon in Section 7.7. Lastly, in Section 7.8, the compliancematrix is shown.

7.1. Functional Analysis
Therearemultiplefunctionswhicharerelatedtostabilityandcontrol. TheseflowdownfromthefunctionsD.4,D.5
andD.6 in the functional flowdiagram. Atop level function is that theaircraft shouldbesafe tooperate. Therefore,
the aircraft should be first of all stable. Next to this, the aircraft should also be controllable. This is related to the
three rotational movements, roll, yaw and, pitch, but it is also related to the ability to take-off and land, i.e. the
ability to operate with crosswind and the use of flaps. This resulted in several functions, which are listed below.
� ELTA-FUN-SC-01 - The aircraft empennage should provide passive stability;
� ELTA-FUN-SC-02 - The aircraft configuration should provide the pilot with the ability to control the

aircraft;
� ELTA-FUN-SC-03 - The aircraft should provide safe take-off and landing.

Next to the specific stability and control functions two other relevant function is applicable.
� ELTA-FUN-MAR-05 - The aircraft should fly like a conventional aircraft;
� ELTA-FUN-W-02 - The wing should provide roll control to the aircraft.

7.2. Requirements
Basedonthefunctionalanalysis, requirementsrelatedtostabilityandcontrolweredefined. Thesearelistedbelow.
� ELTA-SC-01 - At a 45 degree angle of attack at least one-third of the rudder shall remain outside the

wake of the horizontal stabiliser. This requirement serves to complywithELTA-FUN-SC-02, because this
requirement is set up to be able to exit a spin, which is therefore related to controllability;

� ELTA-SC-02 -The aircraft shall have a take-off pitch angular acceleration of 12 𝑑𝑒𝑔/𝑠ኼ. This requirement
servestocomplywithELTA-FUN-SC-03. Duringthetake-offroll, theaircraftshouldbeabletopitch inorder
to take-off. Thevalue for thepitchangularaccelerationwasbasedoncommonvalues for this typeofaircraft;

� ELTA-SC-03 - The aircraft shall have a conventional tail. This requirement serves to comply with ELTA-
MAR-09.

Other relevant requirements are listed below.
� ELTA-MAR-09 - The system shall be able to educate a student to pilot a range of other aircraft. This

requirement serves to comply with ELTA-FUN-MAR-05;
� ELTA-CS-FLT-03 - During take-off conditions at sea level it shall be possible, using a favourable com-

bination of controls, to roll the aeroplane from zero degrees of bank to an angle of 60 degrees within 5
seconds from initiation of roll. Origin: CS-VLA;

� ELTA-CS-FLT-04 -During landing conditions at sea level it shall be possible, using favourable combina-
tion of controls, to roll the aeroplane from zero degrees of bank to an angle of 60 degrees within 4 seconds
from initiation of roll. Origin: CS-VLA;

� ELTA-CS-FLT-05 - The short period oscillation shall be heavily damped in stick free position. Origin:
CS-VLA;

� ELTA-CS-FLT-06 - The short period oscillation shall be heavily damped in stick fixed position. Origin:
CS-VLA;

� ELTA-CS-FLT-07 - The Dutch roll shall be damped to 1/10 amplitude in 7 cycles in stick free position.
Origin: CS-VLA;

� ELTA-CS-FLT-08 - The Dutch roll shall be damped to 1/10 amplitude in 7 cycles in stick fixed position.
Origin: CS-VLA;

� ELTA-CS-FLT-10 - The aircraft shall be controllable on the ground up until a maximum cross wind of 10
kts from a 90 degree angle. Origin: CS-VLA;

� ELTA-CS-FLT-12 - The elevator shall support maximum upward/downward deflection at speed VA.Ori-
gin: CS-VLA;
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� ELTA-CS-FLT-13 -The elevator shall support one-thirdmaximumupward/downward deflection at speed
VD.Origin: CS-VLA;

� ELTA-CS-FLT-19 - The aircraft shall be longitudinally, laterally and directionally stable;
� ELTA-W-02 -The aircraft shall have an maximum lift coefficient of at least 1.8 in a take-off configuration.

This requirement serves to comply with ELTA-FUN-W-01, which can be found in Section 6.1.1, with the
design point for limiting configuration considered;

� ELTA-W-03 - The aircraft shall have an maximum lift coefficient of at least 2 in a landing configuration.
This requirement serves to comply with ELTA-FUN-W-01, which can be found in Section 6.1.1;

� ELTA-W-CONT-01 -The ailerons shall provide the aircraft with the ability to roll. This requirement stems
from the function ELTA-FUN-W-02;

� ELTA-W-CONT-02 - The high lift devices shall provide the ability to increase the 𝐶ፋᑞᑒᑩ of the wing. This
requirement stems from ELTA-FUN-W-01, which can be found in Section 6.1.1.

7.3. Horizontal Tail Sizing and Wing position
This section explains the procedure for sizing the horizontal tail surface area and determining the optimal wing
position for stability and control.
First, the type of horizontal tail had to be determined. There are three types of horizontal tails: a full moving
tail, an adjustable tail and a fixed tail. The full moving tail was deemed to be unfeasible, because of its structural
complexity and therefore the relative high weight. In the end an adjustable tail was chosen, since this will result
in a lower horizontal tail surface compared to the fixed tail, which will be discussed in Section 7.3.2. This means
the horizontal tail will be adjusted to trim the aircraft, and that the elevator will be used to pitch the aircraft.
7.3.1. Loading Diagram
To be able to assess the stability and controllability of the aircraft, it is needed to determine the centre of gravity
range. This is done by creating the loading diagram. The starting point of the loading diagram is the operational
emptyweight (OEW)and the corresponding centreof gravity (𝑐𝑔). To calculate this, theaircraft is split up into two
parts, the fuselage group (𝑓) and the wing group (𝑤). The cg at the OEW is then calculated using Equation (7.1).
It should be noted that x coordinates indicate the distance from the nose of the aircraft.

𝑥፜፠,ፎፄፖ=
𝑊 ⋅𝑥፜፠,፟+𝑊፰ ⋅𝑥፜፠,፰

𝑊ፎፄ
(7.1)

Next, two loading procedures are considered, first the battery loading and then the payload loading (two pilots or
one pilot and one additional battery) or first the payload loading and then the battery loading. However only the
first loading procedure will influence the stability during flight, since the aircraft will only be able to fly when the
batteries inserted in the aircraft. The second loading procedure is only relevant for ground stability. The centres
of gravity are calculated using the general equation for the centre of gravity, Equation (7.2).

𝑥፜፠=
∑𝑊። ⋅𝑥፜፠,።
∑𝑊።

(7.2)

These centres of gravity were then normalized by dividing them by themean aerodynamic chord.
The loading diagram was constructed using the values listed in Table 7.1. From the loading diagram, shown in
Figure 7.1, the minimum and maximum 𝑥̄፜፠ could be obtained. The second loading procedure is indicated with
dashed lines. For contingencymanagement a 5%MACmargin is added to the centre of gravity range.

Table 7.1: Loading diagram input parameters

Parameter Symbol Value Unit Assumption
Fuselage group weight 𝑊 265.2 𝑘𝑔 -
Fuselage group centre of gravity 𝑥፜፠,፟ 2.73 𝑚 -
Wing weight 𝑊፰ 127.0 𝑘𝑔 -
Wing centre of gravity 𝑥፜፠,፰ 3.07 𝑚 -
Battery weight 𝑊፛ፚ፭ 292.0 𝑘𝑔 -
Battery centre of gravity 𝑥፜፠,፛ፚ፭ 2.68 𝑚 -
Payload weight 𝑊ፏፋ 200 𝑘𝑔 -
Payload centre of gravity 𝑥፜፠,ፏፋ 1.5 𝑚 -
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Figure 7.1: Loading diagram

7.3.2. Scissor Plot
Next, the scissorplothad tobecreated tobeable todetermine the requiredhorizontal tail surfacearea. It contains
two curves, the stability- and controllability curve. The stability curve describes the maximum centre of gravity
allowed (i.e. the neutral point (𝑥፧፩)), to provide stability. The controllability curve describes theminimum centre
of gravity allowed to be able to trim the aircraft. The functions that describe the curves will be explained below.
Based on a centre of gravity range, aminimum required horizontal tail surface area could be determinedusing the
scissor plot. On page 52 Table 7.2 can be found, which presents all the input parameters for the formulas used for
the scissor plot. The scissor plot itself is presented in Figure 7.6.
Stability
For stability, Equation (7.3) [23] describes the maximum position of the centre of gravity by adding a stability
margin (𝑆.𝑀.) to the equation that expresses the stick-fixed neutral point as function of the horizontal tail size.
The bar above the x-locations indicates that it is normalised by dividing by the mean aerodynamic chord (MAC).
The parameters in Equation (7.3) will be explained below.

𝑥̄፜፠=𝑥̄ፚ፜+
𝐶ፋᎎᑙ
𝐶ፋᎎᐸᎽᑙ

(1− 𝑑𝜀𝑑𝛼)
𝑆፡𝑙፡
𝑆𝑐̄ (

𝑉፡
𝑉 )

ኼ
−𝑆.𝑀. (7.3)

Aerodynamic centre
The aerodynamic centre of the aircraft less tail is described by Equation (7.4) [24].

𝑥̄ፚ፜=(𝑥̄ፚ፜)፰፟+(𝑥̄ፚ፜)፧=[(𝑥̄ፚ፜)፰+(𝑥̄ፚ፜)፟ኻ+(𝑥̄ፚ፜)፟ኼ]+(𝑥̄ፚ፜)፧ (7.4)

The location for the wing aerodynamic centre ((𝑥̄ፚ፜)፰) is assumed to be at 25% of the MAC. The fuselage contri-
bution consists of two parts. The first fuselage contribution to the location of the aerodynamic centre ((𝑥̄ፚ፜)፟ኻ)
is described by Equation (7.5) [23]. Furthermore, there is no second fuselage contribution ((𝑥̄ፚ፜)፟ኼ), because
Λ፜/ኾ=0 (therefore (𝑥̄ፚ፜)፟ኼ=0) [23]. Finally, the aircraft has no nacelles, therefore (𝑥̄ፚ፜)፧=0.

(𝑥̄ፚ፜)፟ኻ=−
1.8

𝐶ፋᎎᐸᎽᑙ
𝑏፟ℎ፟𝑙 ᑟ፟
𝑆𝑐̄ (7.5)

Lift rate coefficients
The tail lift rate coefficient is describedbyEquation (7.6) [15]. Theairfoil efficiency coefficient (𝜂) canbeassumed
constant and equal to 0.95. 𝛽 can be calculated using Equations (7.7) to (7.9).

𝐶ፋᎎᑙ=
2𝜋𝐴፡

2+√4+(ፀᑙᎏ᎔ )
ኼ
(1+ tanᎴጉᎲ.Ꮇᑔᑙ

ᎏᎴ )
(7.6)
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𝑉፡=
𝑉፡
𝑉 𝑉 (7.7) 𝑀፡=

𝑉፡
𝑎 (7.8) 𝛽=√1−𝑀ኼ፡ (7.9)

The lift ratecoefficientof theaircraft lesstail isdescribed inEquation(7.10)[24]. 𝐶ፋᒆᑨ is thewing lift ratecoefficient
and 𝑆፧፞፭ is 𝑆minus the projection of the central wing part inside the fuselage.

𝐶ፋᒆᐸᎽᑙ =𝐶ፋᒆᑨ(1+2.15
𝑏፟
𝑏 )

𝑆፧፞፭
𝑆 +𝜋2

𝑏ኼ፟
𝑆 (7.10)

Downwash
The downwash gradient effect of the wing on the tail is described in Equation (7.11) [24]. Here, the 𝐾᎒ terms
account for the wing sweep angle (Λ), which is evaluated at quarter chord (Λኺ.ኼ኿፜) and which can be seen in
Equations (7.12) and (7.13) [24]. Furthermore, 𝑟=2𝑙፡/𝑏 and𝑚፭፯ is the distance between the horizontal tail and
the vortex shed plane (which can be approximated with the plane from the wing root chord) divided by 𝑏/2. See
Figure 7.2 for a visualisation of these parameters.

𝑑𝜀
𝑑𝛼 =

𝐾᎒ᐁ
𝐾᎒ᐁᎾᎲ

( 𝑟
𝑟ኼ+𝑚ኼ፭፯

0.4876
√𝑟ኼ+0.6319+𝑚ኼ፭፯

+

[1+( 𝑟ኼ
𝑟ኼ+0.7915+5.0734𝑚ኼ፭፯

)
ኺ.ኽኻኻኽ

]{1−√ 𝑚ኼ፭፯
1+𝑚ኼ፭፯

})
𝐶ፋᑒᑨ
𝜋𝐴 (7.11)

𝐾᎒ᐁ=
0.1124+0.1265Λ+0.1766Λኼ

𝑟ኼ +0.1024𝑟 +2 (7.12)

𝐾᎒ᐁᎾᎲ=
0.1124
𝑟ኼ +0.1024𝑟 +2 (7.13)

Figure 7.2: Visual representation of the parameters used for the determination of wing downwash gradient effect. [24]

Other considerations
The tail-wing speed ratio ((𝑉፡/𝑉)ኼ) is 0.85 for fuselage mounted stabilisers. Furthermore, it is assumed that 𝑙፡
can be calculated using Equation (7.14) [24].

𝑙፡=𝑥፭ፚ።፥−𝑥፧፩ (7.14)

Finally, the stabilitymargin had to be determined. Since the aircraft will have reversible commands, the stick-free
stability is more limiting than the stick-fixed stability. As stated in [26], the stick-free stability neutral point (max-
imum centre of gravity) is 2-5% ahead of the stick-fixed neutral point. Therefore, the stick-freemaximum centre
of gravity could be calculated using Equation (7.15). In addition the stability margin is set to 5%MAC, to account
for minimum control force limits.

𝑥̄፜፠ᑗᑣᑖᑖ=0.95𝑥̄፜፠ᑗᑚᑩᑖᑕ−𝑆.𝑀. (7.15)

Controllability
For controllability the trim equation is used as described in Equation (7.16) [24]. The parameters in this equation
will be explained below.

𝑥̄፜፠=𝑥̄ፚ፜−
𝐶፦ᑒᑔ
𝐶ፋᐸᎽᑙ

+
𝐶ፋᑙ
𝐶ፋᐸᎽᑙ

𝑆፡𝑙፡
𝑆𝑐̄ (

𝑉፡
𝑉 )

ኼ
(7.16)
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Pitching moment
The zero lift pitching moment coefficient of the aircraft without tail is given by Equation (7.17) [23]. The contri-
butions of the wing, flaps and fuselage are described by Equations (7.18), (7.19) and (7.22), respectively. Again,
the aircraft has no nacelles therefore the corresponding termwill equal zero.

𝐶፦ac=𝐶፦acw
+Δ፟𝐶፦ac+Δ፟፮፬𝐶፦ac+Δ፧ac𝐶፦ac (7.17)

In Equation (7.18), 𝐶፦Ꮂ,ᑒᑚᑣᑗᑠᑚᑝ is the airfoil’s zero lift pitchingmoment coefficient.

𝐶፦acw
≈𝐶፦0,airfoil

(AcosኼΛ/(A+2cosΛ)) (7.18)

In Equation (7.19), the flap coefficients (𝜇።) are determined with Figures 7.3 to 7.5. The aircraft will have plain
flaps, which have an deflection angle of 40° and have an flap to wing chord ratio of 0.2. Since plain flaps are
considered, it is assumed that the chord extension due to flap deployment is relatively small and therefore 𝑐ᖣ=𝑐.
This was then used to determine 𝜇ኻ. For the determination of 𝜇ኼ and 𝜇ኽ, it was found that the flap to wing span
ratiowill varybetween0.25and0.35. This rangewas foundbycalculating the flap span fordifferentwing surfaces
area (and therefore different wing chord and span), ranging from 7𝑚ኼ to 15𝑚ኼ. Given the taper ratio of 0.45, a
linear interpolation for 𝜇ኻ and 𝜇ኼ was done. This resulted in Equations (7.20) and (7.21). When the final value of
𝑏፟፥/𝑏 is known, it will be checked whether this assumption was valid.
Next, 𝐶ፋ is the wing lift coefficient at landing when all flaps are deployed and Δ𝐶፥max is the airfoil lift coefficient
increasedueto flapextensionat landingcondition(Approach lift coefficientminusairfoilmaximumlift coefficient),
which is explained in Section 7.5.2.

Δ፟𝐶፦ac=𝜇ኼ{−𝜇ኻΔ𝐶፥max

𝑐ᖣ
𝑐 −[𝐶ፋ+Δ𝐶፥max(1−

𝑆፰፟
𝑆 )]18

𝑐ᖣ
𝑐 (
𝑐ᖣ
𝑐 −1)}+0.7

𝐴
1+2/𝐴𝜇ኽΔ𝐶፥maxtanΛኻ/ኾ (7.19)

𝜇ኼ=1.2
𝑏፟፥
𝑏 +0.13 (7.20) 𝜇ኽ=0.06

𝑏፟፥
𝑏 +0.0335 (7.21)

Finally, in Equation (7.22), 𝑏፟, ℎ፟ and 𝑙፟ are the fuselagewidth, height, and length, respectively. 𝐶ፋᎲ is the flapped
lift coefficient at zero lift angle of attack and 𝐶ፋᒆᐸᎽᑙ is computed using Equation (7.10) using approach speed.

Δ፟፮፬𝐶፦ac=−1.8(1−
2.5𝑏፟
𝑙፟

)
𝜋𝑏፟ℎ፟𝑙፟
4𝑆𝑐̄

𝐶ፋᎲ
𝐶ፋᒆᐸᎽᑙ

(7.22)

Figure 7.3: ᎙Ꮃ determination graph. [23]

Figure 7.4: ᎙Ꮄ determination graph. [23]

Figure 7.5: ᎙Ꮅ determination graph. [23]
Lift coefficients
The lift coefficients need to be evaluated during landing conditions [24]. The lift coefficient of the horizontal tail
depends on the type of the horizontal tail. A lower 𝐶ፋᑙ results in a higher control curve slope (less negative) and
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therefore a smaller horizontal tail surface. Since an adjustable tail is considered 𝐶ፋᑙ will have a value of −0.8
[24]. The value for the lift coefficient of the aircraft less tail is assumed to be equal to the maximum required lift
coefficient, as stated in ELTA-W-03. This is the lift coefficient when the flaps are fully deployed, which is the
case during landing conditions.

Figure 7.6: Scissor plot

Table 7.2: Scissor plot input parameters

Parameter Symbol Value Unit Assumption

Mean aerodynamic chord 𝑐̄;𝑀𝐴𝐶 1.26 𝑚 -
Distance nose - leading edge mean
aerodynamic chord

𝑥፥፞፦ፚ፜ 2.37 𝑚 -

Aerodynamic centre wing (𝑥̄ፚ፜)፰ 25 %𝑀𝐴𝐶 (𝑥̄ፚ፜)፰ is assumed to be at 25%MAC
Mean diameter (or width) fuselage 𝑏፟ 1.05 𝑚 -
Height fuselage ℎ፟ 1.21 𝑚 -
Distance nose - leading edge wing at
the fuselage end

𝑙፟፧ 2.29 𝑚 -

Wing surface area 𝑆 14.7 𝑚ኼ -
Aspect ratio horizontal tail 𝐴፡ 3 − -
Tail-wing speed ratio (𝑉፡/𝑉)ኼ 0.85 − Fuselagemounted stabilisers
Cruise speed 𝑉 50 𝑚/𝑠 -
Cruise speed of sound 𝑎 336.8 𝑚/𝑠 -
Airfoil efficiency coefficient 𝜂 0.95 − Assumed constant and equal to 0.95
Half chordsweepanglehorizontal tail Λኺ.኿፜ᑙ 6.70 𝑑𝑒𝑔 -
Aspect ratio wing 𝐴 10.1 − -
Wing lift rate coefficient 𝐶ፋᒆᑨ 4.80 1/𝑟𝑎𝑑 -
Wing span 𝑏 12.2 𝑚 -
Net wing area 𝑆፧፞፭ 12.9 𝑚ኼ -
Quarter chord sweep angle wing Λኺ.ኼ኿፜ 0 𝑑𝑒𝑔 -
Distance horizontal tail - vortex shed
plane

𝑚፭፯ 0.18 − -

Tail arm 𝑙፡ 5.90 𝑚 Assumed to be 𝑥፭ፚ።፥−𝑥፧፩
Stability margin 𝑆.𝑀. 0.05 − To account for minimum control

force limits
Airfoil zero lift moment coefficient 𝐶፦0,airfoil

-0.1 − -
Flap coefficient 1 𝜇ኻ 0.3 − 𝑐ᖣ=𝑐
Flap span 𝑏፟፥ 3.48 𝑚 -
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Airfoil lift coefficient increase at
landing

Δ𝐶፥max 1.2 − Explained in Section 7.5.2

Chord ratio (extended flap/clean) 𝑐ᖣ/𝑐 1 − 𝑐ᖣ=𝑐
Reference wing flapped surface area 𝑆፰፟ 9.14 𝑚ኼ -
Fuselage length 𝑙፟ 9.24 𝑚 -
Flapped wing lift coefficient at zero
AoA

𝐶ፋᎲ 1.0 − -

Aircraft less tail lift coefficient at
landing

𝐶ፋᐸᎽᑙ 2.0 − Maximum lift coefficient

7.3.3. Results
To determine the the lowest possible horizontal surface area, the loading diagramwasmade for different longitu-
dinal positions of the wing. This resulted in different most forward andmost aft centre of gravity for the different
wing positions, which is shown in Figure 7.7.

Figure 7.7: Centre of gravity range for different wing positions

For every wing position the horizontal surface area was determined using the scissor plot, while taking into ac-
count anupdated tail arm. This resulted is aminimumhorizontal surface areawith a correspondingwingposition,
shown in Table 7.3.

Table 7.3: Results horizontal tail sizing and wing position

Parameter Symbol Value Unit
Wing position 𝑥፰።፧፠ 2.70 𝑚
Most forward centre of gravity 𝑥፜፠,፦።፧ 2.45 𝑚
Most aft centre of gravity 𝑥፜፠,፦ፚ፱ 2.87 𝑚
Horizontal tail surface area 𝑆፡ 3.28 𝑚ኼ

7.3.4. Verification&Validation
Verification
As a first step in the verification process unit tests are performedon the loadingdiagramand scissor plot tools. For
the loading diagram tool, theminimumandmaximumcentre of gravitywere calculated using both the tool and an
excel file, for the same set of input parameters. These outcomes were then compared and since the results were
the same, the unit test was successful. For the scissor plot tool, theminimumhorizontal tail surface required was
calculatedusingboththetoolandanexcel file, foracertaincentreofgravity rangeandthesamesetof inputparam-
eters. Theseoutcomeswere thencomparedandsince theresultswere thesame,also thisunit testwassuccessful.
An integration test was performed on the calculation of theminimum horizontal tail surface determination, since
this is done by integrating both the loading diagram and scissor plot tool. First the results of the integrated tool,
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for a certain set of input parameters, where used as input for both the loading diagram and scissor plot tool, to
check whether this would result in the same outputs. For the loading diagram tool, this means that the resulting
wing position was put into the tool and it was checked whether this would indeed result in the right minimum
and maximum centre of gravity. This was indeed the case. For the scissor plot tool, the resulting maximum
and minimum centre of gravity where used as input. It was checked whether this resulted in the right minimum
horizontal surface required. This was indeed the case. Secondly, the loading diagram plot, scissor plot and wing
shift plot were created. It was checked whether these plots indeed indicate the right centre of gravity range (for
all plots) and whether the horizontal tail surface is indeed the lowest possible (using the scissor plot). This was
indeed the case for the different plots. Therefore it was concluded that the integration test was successful.
Validation
The validation of this tool will be done using simulation software and eventually during a flight test. This process
is however part of the next phase, which is post-DSE. This will be explaned in Section 7.6.

7.4. Vertical Tail Sizing
7.4.1.Method
Vertical tail sizing can be done by using Figure 7.8, with on the x-axis the weathervane stability (𝐶፧ᒇ), split up in a
fuselage (𝑓), wing configuration (𝑖), and propeller (𝑝) component. These stability considerations are driving the
vertical tail sizing for a tractor aircraft.
𝐶፧ᒇᑗ could be calculated using Equation (7.23) [23]. This equation is valid for aircraft where 𝑙፟/ℎ ᑞ፟ᑒᑩ>3.5, which
is the case for this aircraft. 𝑘ᎏ could be calculated using Equation (7.24) [23]. The dimensions used in these
formulae are visualised in Figure 7.9.

𝐶፧ᒇᑗ=−𝑘ᎏ
𝑆፟፬𝑙፟
𝑆𝑏 (

ℎ Ꮃ፟
ℎ Ꮄ፟
)
ኻ/ኼ
(
𝑏 Ꮄ፟
𝑏 Ꮃ፟
)
ኻ/ኽ

(7.23)

𝑘ᎏ=0.3
𝑙፜፠
𝑙፟
+0.75

ℎ m፟ax

𝑙፟
−0.105 (7.24)

𝐶፧ᒇᑚ is 0.024 for low wing aircraft. And finally 𝐶፧ᒇᑡ could be calculated using Equation (7.25). In this equation,
𝐵፩ is the number of blades per propeller, 𝑙፩ is the distance between the propeller plane and the aircraft centre of
gravity, which could be calculated using Equation (7.26), and 𝐷፩ is the propeller disk diameter. The term within
the summation had to be evaluated for every propeller.

𝐶፧ᒇᑡ=−0.053𝐵፩∑
𝑙፩𝐷ኼ፩
𝑆𝑏 (7.25)

𝑙፩=𝑥፜፠−𝑥፩ (7.26)

Figure 7.8: Vertical
tail sizing graph for directional stability of fuselage mounted engine aircraft. [23]

Figure 7.9: Fuselage dimensions. [23]

7.4.2. Results
The input parameters can be found in Table 7.4. These parameters are used to determine the vertical tail surface
area.
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Table 7.4: Vertical tail sizing input parameters.

Parameter Symbol Value Unit Assumption

Distance nose to cg 𝑙፜፠ 2.20 𝑚 -
Fuselage length 𝑙፟ 9.24 𝑚 Estimated using CAD drawing
Maximum height fuselage ℎ m፟ax 1.21 𝑚 Estimated using CAD drawing
Lateral surface area fuselage 𝑆፟፬ 5.26 𝑚ኼ Estimated using CAD drawing
Fuselage nose height ℎ Ꮃ፟ 1.15 𝑚 Estimated using CAD drawing
Fuselage tail height ℎ Ꮄ፟ 0.31 𝑚 Estimated using CAD drawing
Fuselage nose width 𝑏 Ꮃ፟ 0.96 𝑚 Estimated using CAD drawing
Fuselage nose width 𝑏 Ꮄ፟ 0.24 𝑚 Estimated using CAD drawing
Number of blades per propeller 𝐵፩ 2.5 - The average of the two propellers
First propeller disk diameter 𝐷፩Ꮃ 1.8 𝑚 -
Second propeller disk diameter 𝐷፩Ꮄ 1.8 𝑚 -
First propeller plane location 𝑥፩Ꮃ 0.15 𝑚 Estimated using CAD drawing,

assumed to be the same for both
propellers

Second propeller plane location 𝑥፩Ꮄ 0.15 𝑚 Estimated using CAD drawing,
assumed to be the same for both
propellers

Wing surface area 𝑆 14.65 𝑚ኼ -
Wing span 𝑏 12.16 𝑚 -
Wing configuration stability compo-
nent

𝐶፧ᒇᑚ 0.024 - Lowwing configuration

Vertical tail arm 𝑙፯ 5.95 𝑚 𝑙፯ = 𝑥፭ፚ።፥ − 𝑥፜፠, where for 𝑥፜፠, the
maximum is taken, since this will re-
sult in thehighestarea, andtherefore
an extra margin is implemented

This resulted in a vertical tail surface area (𝑆፯) of 1.22𝑚ኼ and a 𝐶፧ᒇ of -0.011.
7.4.3. Verification&Validation
Verification
First a unit test on the tool that calculates the 𝐶፧ᒇ was done. The output of the tool was comparedwith the output
of an excel sheet. Since the outputs were the same, it was concluded that the unit test was successful.
Next, the output of the tool should be negative and should be in the range of the horizontal axis of Figure 7.8.
Validation
The validation of this tool will be done using simulation software and eventually during a flight test. This process
is however part of the next phase, which is post-DSE. This will be explaned in Section 7.6.

7.5. Control Surfaces Sizing
This sections explains the procedure for sizing the control surfaces, which are the aileron, flaps, elevator and the
rudder. The layout of the wing planform with the control surfaces and the relevant parameters can be seen in
Figure 7.10.
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Figure 7.10: Wing Layout

7.5.1. Aileron Sizing
The ailerons are used to roll an aircraft as required byELTA-W-CONT-01. Therefore, the sizing of the ailerons is
driven by requirementELTA-CS-FLT-03 andELTA-CS-FLT-04. These roll requirements could be transformed
into a required roll rate, using Equation (7.27) [14]. For contingency management a margin of 10% was added
to this value.

𝑝፫፞፪=
Δ𝜙
Δ𝑡 (7.27)

The ailerons should be sized such, that this roll rate can be achieved. The roll rate generated by the ailerons could
be calculated using Equation (7.28) [14], where 𝐶፥ᒉᑒ is the roll authority, 𝐶፥ᑡ the roll damping coefficient, 𝛿ፚ the
aileron deflection angle, 𝑉 the airspeed and 𝑏 the wing span.

𝑝=−
𝐶፥ᒉᑒ
𝐶፥ᑡ

𝛿ፚ(
2𝑉
𝑏 ) (7.28)

Sincetheaircrafthasastraight taperedwing, therolldampingcoefficientcouldbecalculatedusingEquation(7.29)
[14], where 𝑐፥ᒆ , 𝑐፝ኺ is the wing lift curve slope, 𝑐፝ኺ the wing zero lift drag, 𝐶ፑ the wing root chord, 𝑆 the wing
surface area and 𝜆 the wing taper ratio.

𝐶፥ᑡ=−
(𝑐፥ᒆ+𝑐፝ኺ)⋅𝐶ፑ𝑏

24𝑆 [1+3𝜆] (7.29)

The roll authority could be calculated using Equation (7.30) [14], where 𝑐፥ᒉᑒ is the change in the airfoil’s lift coeffi-
cient with aileron deflection, 𝑏ኻ the starting point of the aileron and 𝑏ኼ is the end point of the aileron, as indicated
in Figure 7.10.

𝐶፥ᒉᑒ =
𝑐፥ᒉᑒ𝐶ፑ
𝑆𝑏 [(𝑏ኼኼ−𝑏ኼኻ)+

4(𝜆−1)
3𝑏 (𝑏ኽኼ−𝑏ኽኻ)] (7.30)

The aileron will be most effective when it is located as far as possible from the centre line of the aircraft, which
will result in a smaller aileron. Therefore, the aileron end (𝑏ኼ) will be located at the wing tip, taking into account a
small spacing, indicated as 𝑠ፚ in Figure 7.10. As starting point of the sizing, a first estimation of𝑏ኻwasmade. With
thesevalues, the roll ratewas calculated. When the roll ratewas to low, theaileron sizewas increased (decreasing
𝑏ኻ) and vice versa, until the size of the aileron converged.
The input values used are listed in Table 7.5.
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Table 7.5: Aileron sizing input parameters

Parameter Symbol Value Unit Assumption
Take-off bank angle Δ𝜙ፓፎ 60 𝑑𝑒𝑔 -
Take-off roll time Δ𝑡ፓፎ 5 𝑠 -
Landing bank angle Δ𝜙ፋ 60 𝑑𝑒𝑔 -
Landing roll time Δ𝑡ፋ 4 𝑠 -
Aileron deflection angle 𝛿ፚ 20 𝑑𝑒𝑔 Based on literature [14]
Wing lift rate coefficient 𝑐፥ᒆ 4.80 1/𝑟𝑎𝑑 -
Wing take-off zero lift drag 𝑐፝ኺᑋᑆ 0.018 − -
Wing landing zero lift drag 𝑐፝ኺᑃ 0.04 − -
Wing root chord 𝐶ፑ 1.66 𝑚 -
Wing span 𝑏 12.16 𝑚 -
Wing surface area 𝑆 14.65 𝑚ኼ -
Wing taper ratio 𝜆 0.45 − -
Change in airfoil’s lift coefficient with
aileron deflection

𝑐፥ᒉᑒ 2.7 1/𝑟𝑎𝑑 Estimated using Xfoil [27]

Aileron start 𝑏ኻ 4.9 𝑚 -
Aileron end 𝑏ኼ 5.88 𝑚 -

7.5.2. Flap Sizing
Theflapsshould increase themaximumlift coefficient (𝐶ፋᑞᑒᑩ)as requiredbyELTA-W-CONT-02. For thisaircraft
plain flapswill be used,whichwill have amaximumdeflection angle of 40° [1]. The required increase inmaximum
lift coefficient could be calculated using Equation (7.31), where 𝐶ፋᑞᑒᑩ,ᑣᑖᑢ is the required maximum lift coefficient
(ELTA-W-03) and 𝐶ፋᑞᑒᑩ,ᑨᑚᑟᑘ is the maximum lift coefficient of the clean wing (ELTA-W-01, Section 6.1.2). A
margin of 10% is added for contingencymanagement.

Δ𝐶ፋᑞᑒᑩ=𝐶ፋᑞᑒᑩ,ᑣᑖᑢ−𝐶ፋᑞᑒᑩ,ᑨᑚᑟᑘ (7.31)

The required flapped surface area could then be calculated using Equation (7.32) [15], where Λ፡።፧፠፞_፥።፧፞ is the
sweep angle at the hinge line and Δ𝐶፥ᑞᑒᑩ is the airfoil maximum lift coefficient increase with flap deflection. The
value for Δ𝐶፥ᑞᑒᑩ was taken from the 𝐶ፋ −𝛼 curve of the NACA 4415 airfoil with a split flap [28]. However, this
aircraft has an plain flap. Based on data from [29] is was concluded that a plain flap will have a 4% lower Δ𝐶፥ᑞᑒᑩ
compared to a split flap.

𝑆፰፟
𝑆 =

Δ𝐶ፋᑞᑒᑩ
0.9Δ𝐶፥ᑞᑒᑩcosΛ፡።፧፠፞_፥።፧፞

(7.32)

Since the chord of the wing at the root is larger than the chord at the wing tip, the flaps will be more effective
when they are positioned closer to the root (larger 𝑆፰፟, for the same flap span), which will result in a smaller flap.
Therefore it was assumed that the flap will start at the end of the fuselage, taking into account a small spacing,
indicatedwith𝑠፟ inFigure7.10. Thespanofone the flaps (𝑏፟፥) could thenbecalculatedbysolvingEquation (7.33),
where Λፋፄ and Λፓፄ are the leading edge and trailing edge sweep angles, respectively. The other parameters can
be found in Figure 7.10.

𝑆𝑤𝑓
2 =𝑐 Ꮃ፟𝑏፟፥−

1
2𝑏

ኼ
፟፥𝑡𝑎𝑛Λፋፄ+

1
2𝑏

ኼ
፟፥𝑡𝑎𝑛Λፓፄ (7.33)

The end of the flap could then be calculated using Equation (7.34).

𝑓ኼ=𝑓ኻ+𝑏፟፥ (7.34)

Next to the increase inmaximum lift coefficient, the zero lift angle of attackwill change aswell. This change could
be calculated using Equation (7.35), where (Δ𝛼ኺ፥)ፚ።፫፟፨።፥ depends on the type of flap and deflection angle. It was
determined using the 𝐶ፋ−𝛼 curve of the NACA 4415 airfoil [28].

Δ𝛼ኺፋ=(Δ𝛼ኺ፥)ፚ።፫፟፨።፥
𝑆𝑤𝑓
𝑆 cosΛ፡።፧፠፞_፥።፧፞ (7.35)

The input values used are listed in Table 7.6.
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Table 7.6: Flap sizing input parameters

Parameter Symbol Value Unit Assumption
Requiredmaximumlift coefficient 𝐶ፋᑞᑒᑩ,ᑣᑖᑢ 2.0 − -
Clean wing maximum lift coeffi-
cient

𝐶ፋᑞᑒᑩ,ᑨᑚᑟᑘ 1.39 − -

Airfoil lift coefficient increasewith
flap deflection

Δ𝐶፥ᑞᑒᑩ 1.2 − Based on the 𝐶ፋ −𝛼 curve of the
NACA 4415 [28] and taking into
account a correction of 4% for
the plain flap [29]

Hinge line sweep Λ፡።፧፠፞_፥።፧፞ -3.6 𝑑𝑒𝑔 -
Leading edge sweep Λፋፄ 1.6 𝑑𝑒𝑔 -
Trailing edge sweep Λፓፄ -4.9 𝑑𝑒𝑔 -
Flap start 𝑓ኻ 0.58 𝑚 -
Chord length at flap start 𝑐 Ꮃ፟ 1.57 𝑚 -
Change in airfoil’s zero lift angle
of attack with flap deflection

(Δ𝛼ኺ፥)ፚ።፫፟፨።፥ -15 𝑑𝑒𝑔 Based on the 𝐶ፋ −𝛼 curve of the
NACA 4415 [28]

7.5.3. Elevator Sizing
Theelevatorprovides theaircraft theability topitch. Firstofall, theaircraft shouldbeable to rotateduring take-off,
with a rotational acceleration described in ELTA-SC-02. It is assumed that the span of the elevator is equal to
the span of the horizontal tail.
First the lift produced by thewing and fuselage, the drag and themoment around the aerodynamic centre during
take-off condition had to be calculated. This is done using Equations (7.36) to (7.38) [30]. 𝐶፦ᑒᑔᑨᑗ was calculated
using Equation (7.17) and the parameters listed in Table 7.2. The value of Δ𝐶፥ᑞᑒᑩ is however slightly lower, since
the flaps are not fully deployed during take-off conditions. Since the total wingΔ𝐶ፋᑞᑒᑩ is 10% lower, it is assumed
that the value for the airfoil is 10% lower as well.

𝐿፰፟≅
1
2𝜌ፓፎ𝑉

ኼ
ፓፎ𝐶ፋᑋᑆ𝑆፫፞፟ (7.36)

𝐷ፓፎ=
1
2𝜌ፓፎ𝑉

ኼ
ፓፎ𝐶ፃᑋᑆ𝑆፫፞፟ (7.37)

𝑀ፚ፜ᑨᑗ=
1
2𝜌ፓፎ𝑉

ኼ
ፓፎ𝐶፦ᑒᑔᑨᑗ𝑆፫፞፟𝐶̄ (7.38)

Next, the linear acceleration during take-off was calculated using Equation (7.40) [30]. In this equation 𝑁 is
calculated using Equation (7.39) [30].

𝑁=𝑊−𝐿ፓፎ≈𝑊−𝐿፰፟ (7.39) 𝑚𝑎=𝑇−𝐷−𝜇𝑁 (7.40)
The following stepwas to calculate the pitchingmoments during the take-off around themain landing gear (𝑚𝑔).
These are the weight pitching moment, Equation (7.41) [30], the drag pitching moment, Equation (7.42) [30],
the thrust pitching moment, Equation (7.43) [30], the wing and fuselage lift pitching moment, Equation (7.44)
[30], and finally the linear acceleration pitchingmoment, Equation (7.45) [30].

𝑀ፖ=𝑊ፓፎ(𝑥፦፠−𝑥፜፠) (7.41)

𝑀ፃ=𝐷(𝑧ፃ−𝑧፦፠) (7.42)

𝑀ፓ=𝑇(𝑧ፓ−𝑧፦፠) (7.43)

𝑀ፋᑨᑗ=𝐿፰፟(𝑥፦፠−𝑥ፚ፜ᑨᑗ) (7.44)

𝑀ፚ=𝑚𝑎(𝑧፜፠−𝑧፦፠) (7.45)

Using the calculated pitchingmoments, the required lift produced by the horizontal tail could be calculated using
Equation (7.46) [30]. In this equation 𝐼፲፲፦፠ is the moment of inertia around the pitching axis evaluated around
the main landing gear. The value of 𝐼፲፲፦፠ is estimated using an estimation of the radius of gyration, which was
calculated using Equation (7.47) [31]. In this equation, 𝑙ፚ is the aircraft length and𝐶 is a constant which depends
on the type of aircraft. The moment of inertia is then calculated using Equation (7.48). Finally the moment of
inertia should be evaluated around themain gear, which is done using Equation (7.49).

𝐿፡=
𝑀ፋᑨᑗ+𝑀ፚ፜ᑨᑗ+𝑀ፚ−𝑀ፖ+𝑀ፃ−𝑀ፓ−𝐼፲፲፦፠𝜃̈

𝑥ፚ፜ᑙ−𝑥፦፠
(7.46)
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𝑘፲=𝐶𝑙ፚ (7.47) 𝐼፲፲=𝑘ኼ፲𝑊ፓፎ/𝑔 (7.48) 𝐼፲፲፦፠=𝐼፲፲+(𝑧፜፠−𝑧፦፠)
ኼ𝑊ፓፎ/𝑔 (7.49)

The required horizontal tail lift coefficient at take-off conditions was then calculated using Equation (7.50) [30].

𝐶ፋᑙ=
2𝐿፡

𝜌ፓፎ𝑉ኼፓፎ𝑆፡
(7.50)

The elevator angle of attack effectiveness was then calculated using Equation (7.52) [30], where 𝛼፡ could be
calculated using Equation (7.51) (at take-off, the 𝛼 =0). This value needed to be less than 1, since there exists
no elevator which can satisfy the take-off rotation acceleration requirement [30].

𝛼፡=𝛼+𝑖፡−𝜖=𝑖፡−𝛼ኺ
𝑑𝜖
𝑑𝛼 (7.51) 𝜏፞=

(𝐶ፋᑙ/𝐶ፋᒆᑙ )−𝛼፡
𝛿ፄ

(7.52)

Using 𝑡𝑎𝑢፞, the chord of the elevator could be determined using Figure 7.11 and using Equation (7.53). It was
chosen to use the root chord of the horizontal tail, since this will lead to the larges elevator and therefore an extra
safety margin is built in. The input parameters can be found in Table 7.7.

𝑐፞=
𝑐፞
𝑐፡
𝑐፫ᑙ (7.53)

Figure 7.11: ፜ᑖ/፜ᑙ determination graph [30]

Table 7.7: Elevator sizing input parameters

Parameter Symbol Value Unit Assumption

Take-off air density 𝜌ፓፎ 1.04 𝑘𝑔/𝑚ኽ -
Take-off velocity 𝑉ፓፎ 26.46 𝑚/𝑠 -
Take-off lift coefficient 𝐶ፋᑋᑆ 1.8 − Based on ELTA-W-02
Take-off drag coefficient 𝐶ፃᑋᑆ 0.15 − -
Airfoil lift coefficient increase at
take-off

Δ𝐶፥ᑞᑒᑩ 1.08 − 10% lower compared to landing

Mean aerodynamic chord 𝐶̄ 1.26 𝑚 -
Take-off weight 𝑊ፓፎ 8671 𝑁 -
Take-off thrust 𝑇ፓፎ 546 𝑁 -
Friction coefficient 𝜇 0.05 − -
Centre of gravity location 𝑥፜፠ 2.45 𝑚 -
Centre of gravity location 𝑧፜፠ 1.41 𝑚 -
Main gear location 𝑥፦፠ 2.99 𝑚 -
Main gear location 𝑧፦፠ 0 𝑚 -
Drag vector location 𝑧ፃ 1.41 𝑚 Assumed to be halfway the fuselage

height
Thrust vector location 𝑧ፓ 1.41 𝑚 Estimated using CAD drawing
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Wing/Fuselage aerodynamic centre
location

𝑥ፚ፜ᑨᑗ 2.69 𝑚 Assumed to be at 25% of the MAC

Horizontal tail aerodynamic centre
location

𝑥ፚ፜ᑙ 8.82 𝑚 -

Take-off pitch angular acceleration 𝜃̈ 12 𝑑𝑒𝑔/𝑠ኼ -
Moment of inertia constant 𝐶 0.176 − Value for 1 piston engine aircraft
Aircraft length 𝑙ፚ 9.54 𝑚 -
Horizontal tail surface area 𝑆፡ 3.28 𝑚ኼ -
Take-off horizontal tail incidence
angle

𝑖፡ 0 𝑑𝑒𝑔 Assumed to be 0 during take-off

Wing zero lift angle of attack 𝛼ኺ -7.4 𝑑𝑒𝑔 -
Horizontal tail lift rate coefficient 𝐶ፋᒆᑙ 3.29 1/𝑟𝑎𝑑 -
Minimum elevator deflection angle 𝛿፞ᑞᑚᑟ -25 𝑑𝑒𝑔 Based on literature [30]
Maximum elevator deflection angle 𝛿፞ᑞᑒᑩ 20 𝑑𝑒𝑔 Based on literature [30]
Horizontal tail root chord 𝑐፫ᑙ 1.23 𝑚 -

7.5.4. Results
The results of the control surface sizing are presented in Table 7.8.

Table 7.8: Elevator sizing input parameters

Parameter Symbol Value Unit
Aileron start 𝑏ኻ 4.54 𝑚
Aileron end 𝑏ኼ 5.88 𝑚
Aileron span 𝑏ፚ 1.34 𝑚
Flap start 𝑓ኻ 0.58 𝑚
Flap end 𝑓ኼ 4.05 𝑚
Flap span 𝑏፟፥ 3.58 𝑚
Flapped area 𝑆፰፟ 9.14 𝑚ኼ
Elevator span 𝑏፞ 3.14 𝑚
Elevator chord 𝑐፞ 0.39 𝑚

7.5.5. Verification&Validation
Verification
As first step in the verificationprocess, unit tests areperformedon theaileron sizing, flap sizingandelevator sizing
tool. The outputs of these tools were compared to the calculated values using Excel. Since these values were the
same, it was concluded that the unit tests were successful.
Next, it was checked if the control surfaces would fit on the aerodynamic surfaces, i.e. that the control surfaces
were not too large.
Validation
The validation of this tool will be done using simulation software and eventually during a flight test. This process
is however part of the next phase, which is post-DSE. This will be explaned in Section 7.6.

7.6. Future Design Process
The assessment of the stability and control will be finalised during the next phases, which are post-DSE. The first
step is a more detailed analysis of the lateral stability, in order to optimise the design of the vertical tail. This
includes determining the aspect ratio, taper, span and root/tip chord. Once the vertical tail has been designed in
more detail, the rudder can be sized as well.
Thenextstep ischoosing thesoftware for thestabilityanalysis. A trade-offhas tobedoneonthedifferentsoftware
tools available, to be able to determine most suitable tool. The software should then be verified and validated.
Using this software, the tools described before can be validated. Also, the eigenmotions of the aircraft can be
analysedusingthesoftware. Inthisway, itcanbecheckedwhetherrequirementsELTA-CS-05untilELTA-CS-08
aremet. If this isnot thecase, or theaircraft isheavilyover-designed, thedesignof theaircraft shouldbeadjusted.
The last step is the flight test. During this test, it will be checked whether the requirements are actually met.
Therefore, this is also the last step in the validation process of tools used.

7.7. Risks
The risk with the highest impact regarding stability and control is that the aircraft will not be longitudinally and
laterally stable and that it is not controllable. This risk was reduced by implementing safety margins. Also good
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verification and validation procedures for the tools used, and tools that will be used, will reduce the risk.

7.8. Compliance Matrix
The compliancematrix for the stability and control requirements is shown in Table 7.9.

Table 7.9: Compliance matrix stability and control.

Identifier Requirement Obtained
value

Require-
ment met?

ELTA-
SC-01

At a 45 degree angle of attack at least one-third of the
rudder shall remain outside the wake of the horizontal stabiliser. * TBD

ELTA-
SC-02

The aircraft
shall have a take-off pitch angular acceleration of 12 𝑑𝑒𝑔/𝑠ኼ. 12𝑑𝑒𝑔/𝑠ኼ !

ELTA-
SC-03 The aircraft shall have a conventional tail. * !

ELTA-
MAR-09

The system
shall be able to educate a student to pilot a range of other aircraft. * TBD

ELTA-
CS-FLT-03

During take-off conditions
at sea level it shall be possible, using a favourable combination
of controls, to roll the aeroplane from zero degrees of bank

to an angle of 60 degrees within 5 seconds from initiation of roll.

60° in2.4s !

ELTA-
CS-FLT-04

During landing conditions
at sea level it shall be possible, using favourable combination
of controls, to roll the aeroplane from zero degrees of bank

to an angle of 60 degrees within 4 seconds from initiation of roll.

60° in2.3s !

ELTA-
CS-FLT-05

The short
period oscillation shall be heavily damped in stick free position. * TBD

ELTA-
CS-FLT-06

The short
period oscillation shall be heavily damped in stick fixed position. * TBD

ELTA-
CS-FLT-07

The Dutch roll
shall be damped to 1/10 amplitude in 7 cycles in stick free position. TBD TBD

ELTA-
CS-FLT-08

The Dutch roll shall
be damped to 1/10 amplitude in 7 cycles in stick fixed position. TBD TBD

ELTA-
CS-FLT-10

The aircraft shall be controllable on the ground
up until a maximum cross wind of 10 kts from a 90 degree angle. TBD TBD

ELTA-
CS-FLT-12

The elevator
shall support maximum upward/downward deflection at speed VA. * TBD

ELTA-
CS-FLT-13

The elevator shall support
one-third maximum upward/downward deflection at speed VD. * TBD

ELTA-
CS-FLT-19 The aircraft shall be longitudinally, laterally and directionally stable. * TBD

ELTA-W-02 The aircraft shall have an
maximum lift coefficient of at least 1.8 in a take-off configuration. 1.8 !

ELTA-W-03 The aircraft shall have
anmaximum lift coefficient of at least 2 in a landing configuration. 2.0 !

ELTA-W-
CONT-01 The ailerons shall provide the aircraft with the ability to roll. TBD TBD

ELTA-W-
CONT-02

The high lift
devices shall provide the ability to increase the 𝐶ፋᑞᑒᑩ of the wing.

0.6 !
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8
Power and Propulsion
This chapter will focus on one of the aspects that differentiates the Dragonfly trainer aircraft from others, namely
the contra-rotatingpropeller (CRP). First of all, in Section8.1, the functional analysis for thepower andpropulsion
subsystem will be performed. The corresponding requirements are discussed in Section 8.2. The power and
propulsion subsystem consists of the detailed battery, motor and propeller design. Section 8.3 discusses the de-
tailed design of the battery, themotor is discussed in Section 8.4 and, Section 8.5 discusses the detailed propeller
design. Finally in Section 8.6 the compliance with the requirements is checked.

8.1. Functional Analysis
The first step in the detailed design of the power and propulsion subsystem is to identify the functions associated
with thissubsystem. These functionsaredescribedbelow. Behindeachfunctiondescription the link toupper-level
function in the functional flow diagram discussed in Appendix A is displayed.
� ELTA-FUN-PRO-01 -Generate thrust in order to overcome the total drag force in the flight profile. This

function can be linked to function D.3 up to and including D.7;
� ELTA-FUN-PRO-02 - Provide maximum required power dictated by the design point. This function can

be linked to function D.3 up to and including D.7, and is important for the design of the electric motor;
� ELTA-FUN-PRO-03 -Provide enoughenergy to complywith the range and/or endurance requirements as

well as to power all the onboard systems. This functioncanbe linked to functionD.3up toand includingD.7;
� ELTA-FUN-PRO-04 -Operate each propeller on a different rotational speed. This function can be linked

to function D.3 up to and including D.7 as well as function B.4.1;
� ELTA-FUN-PRO-05 -Operate as an alternator to trade potential energy for electrical energy. This func-

tion can be linked to function D.9.4;
� ELTA-FUN-PRO-06 - Recharge the battery system. This function can be linked to function D.9.4;
� ELTA-FUN-PRO-07 - Operate safely. This function can be linked to the entire operations flow described

by flow D.

8.2. Requirements
In order tomake sure the power and propulsion system is designedwithin the constraints of the design space the
requirements will have to be setup. Below the requirements for the propulsion subsystem, these requirements
flow down from the functional analysis, the market analysis and the VLA certification requirements.
� ELTA-CS-PRO-01 -Any electric energy storage device providing electric energy to an electric engine(s),

shall be designed and constructed so as to provide the required energy for the electric engine(s) of the
Electric/Hybrid propulsion system at all times during the flight in order to provide the rated powers that
ensure safe operations;

� ELTA-PRO-02 - The motor shall be able to provide the maximum power loading of 0.121 N/W. This re-
quirement is set up in order to make sure the motor design is in compliance with the design point specified
in themidterm report [1];

� ELTA-PRO-03 - The battery and engine temperatures shall be displayed. A temperature gauge can
indicate the potential hazard of an engine or battery fire;

� ELTA-PRO-04 - The engine computer shall calculate the current reserve on board. This requirement will
increase the safety as the pilot will know howmuch power/flight time is left;

� ELTA-BAT-05 - The battery shall not exceed the maximum current and voltage levels specified by the
manufacturer. In order to prevent the batteries from catching fire or damaging the batteries it is important
that this requirement is met;

� ELTA-BAT-06 - The battery cell type for the battery pack shall be rechargeable;
� ELTA-MAR-12 - The endurance of the aircraft shall be 2 hours, when flying with maximum payload. The

energy supply must provide enough energy in order to reach the 2 hours of endurance;
� ELTA-MAR-14 -The recharge time of the aircraft shall be 40 minutes. In order tomake the business case

attractive this is an important requirement to bemet;
� ELTA-MAR-17-01 -The aircraft range shall be 250 km, when flying solo. Theenergy supplymustprovide

enough energy in order to reach the 250 km of range;
� ELTA-MAR-20 - The aircraft shall be rechargeable with currently available technology. Once again, in

order to make the business case attractive this is an important requirement to bemet;
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� ELTA-MAR-21 - 30 minutes of flight time endurance shall be added to the endurance of the aircraft as
reserve. Once again the energy supply shall have enough energy to provide this reserve.

8.3. Battery Design
The first component in the chain of the power and propulsion subsystem design is the battery. In the midterm
phase, itwasconcluded thataLithium-ionbatterywill beused for theaircraft designdue to itsgoodenergydensity
and popularity in electrical vehicles. Next to that, it was estimated in the midterm phase that the battery mass
is equal to approximately 26% of the maximum take-off weight of the aircraft. In this section a more detailed
design is performed for the battery pack. The battery pack design starts off by the creation of an electrical block
diagram in Section 8.3.1. After this, an estimation has to be made on the energy required by the aircraft. This
is described in Section 8.3.2. With this information the mass, volume and battery composition are determined in
Section 8.3.3. The time to charge the battery and the battery lifetime estimation is performed in Sections 8.3.4
and8.3.5 respectively. Finally, the battery design tools are verified and validated in Section 8.3.6 and the involved
risks are analysed in Section 8.3.7.
8.3.1. Electrical Block Diagram
As described above, the first step in the battery pack design is to acknowledge all the components that are con-
nected to the battery. These components are displayed in an electrical block diagram, see Figure 8.1. One should
note that the ACmotor includes a DC AC inverter, this will be further explained in Section 8.4.2. Next to that, the
battery pack is composed of multiple smaller modules, which will therefore add redundancy in case one of the
modules or battery cells fails.

Battery pack  (400V)

Lights

AC PM Motor

Motor Cooling system

PFD&MFD Radios (COM & NAV) Ipad (via USB
connector)Autopilot

Avionics BUS

Primary BUS

Battery cooling
system

AC -> DC converterPower grid

Current: 2
Voltage: 14
Power: 28

Current: 2.36
Voltage: 14
Power: 33

PFD MFD

Current: 2.36
Voltage: 14
Power: 33

Current: 0.59
Voltage: 14
Power: 8.3

Current: 2.4
Voltage: 5.2
Power: 12

Current: 189.75
Voltage: 400
Power: 75900

DC to DC converter

Current: 1.0
Voltage: 14
Power: 14

DC to DC converter

Avionics

Motor
BatteryCharger

Engine computer
(rasberry pi)

Current: 1.2
Voltage: 5.1 
Power: 6.1

DC to DC converter

Power: 50 

Cooling system

Figure 8.1: Electrical block diagram

8.3.2. Energy Determination
The next step, after identifying all the electrical components, is to determine howmuch energy each component
requires from the battery, in order to determine the required battery capacity. To calculate this capacity, and thus
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the battery mass in the end, the energy required is split up into two categories; motor and avionics.
Motor
First of all, the required energy for the electrical motor is determined. This energy is calculated for two different
flight profiles, see Figure 8.2. The first one is the flight profile to fulfil the range requirement of 250 km (ELTA-
MAR-17-01), which can be seen in Figure 8.2a. The second one is the flight profile to fulfil the endurance
requirement (ELTA-MAR-12 and ELTA-MAR-21), see Figure 8.2b.

Taxi

Climb

Cruise

Descent

Taxi

3000 ft

250 km

(a) Range

Taxi

Climb

Cruise

Descent

Taxi

3000 ft

2.5 hrs

0.5 hrs

Loiter

(b) Endurance

Figure 8.2: Flight profiles for the different requirements (not to scale).

Both flight profiles can be combined into one equation in order to calculate the energy required for the electric
engine, see Equation (8.1). In which 𝐸 describes the energy required per flight phase and 𝜂፭፨፭ፚ፥ describes the
total propulsive efficiency from battery to propeller.

𝐸፦፨፭፨፫=
1

𝜂፭፨፭ፚ፥
(2𝐸፭ፚ፱።+𝐸፜፥።፦፛+𝑚𝑎𝑥(𝐸፫ፚ፧፠፞ ,𝐸፞፧፝፮፫ፚ፧፜፞)) (8.1)

Taxi and Climb
Theenergy required for the taxi andclimbphasecanbecalculatedusingEquations (8.2) and (8.3) respectively. In
theseequations𝑃፦ፚ፱ equals themaximumpower inWattdeliveredby theelectricmotor,whichwill bedetermined
in Section 8.4. 𝑘 equals the power setting, ranging from 0.0 to 1.0, to control the amount of power required for
the certain phase. Lastly 𝑡 equals the time to perform that specific flight phase in seconds.
To determine the energy required for the taxi phase a power setting of 0.05 was assumed as well as a time to taxi
of 5.5 minutes.

𝐸፭ፚ፱።=𝑃፦ፚ፱𝑘፭ፚ፱።𝑡፭ፚ፱። (8.2)

Todetermine the energy required for the climbphase, a power setting of 1.0was assumed. Todetermine the time
to climb Equation (8.4) was used. In this equation the cruise altitude (3000 ft) ℎ፜፫፮።፬፞ in meters is divided by the
climb speed requirement𝑉፲ of 2m/s (ELTA-CS-FLT-16). To ensure there is enough energy for the climb phase,
a safety margin (𝑡፞፱፭፫ፚ) of 30 seconds is added.

𝐸፜፥።፦፛=𝑃፦ፚ፱𝑘፜፥።፦፛𝑡፜፥።፦፛ (8.3)

𝑡፜፥።፦፛=ℎ፜፫፮።፬፞/𝑉፲+𝑡፞፱፭፫ፚ (8.4)

Range
In order to calculate the energy required for the cruise and descent phase based on the range requirement, Equa-
tion (8.5) 1wasused. In this equation𝑅 is the required range inmeters and𝑊 is the take-offweight of theaircraft.
It should be noted that this is for flying solo as described by ELTA-MAR-17-01. Lastly, 𝐶ፃ and 𝐶ፋ describe the
total drag and lift coefficients of the aircraft.

𝐸፫ፚ፧፠፞=𝑅𝑊
𝐶ፃ
𝐶ፋ

(8.5)

The lift and drag coefficients required for Equation (8.5) can be estimated using Equation (8.6) [8]. This equation
estimates the optimal value for 𝐶ፋ and 𝐶ፃ in order to achievemaximum range.

𝐶ፋ=√𝜋𝐴𝑒𝐶ፃኺ and 𝐶ፃ=2𝐶ፃኺ (8.6)

1URL: https://lochief.wordpress.com/2015/08/04/how-the-musk-electric-jet-works/ LA: 17-06-2020
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This isnot the full storyhowever, as in theproposeddesign therangerequirement iswhenflyingsolo,meaning that
the payload mass of the second pilot can be replaced with a battery pack of equivalent mass, which is 100 kg. In
order tomakesure thatEquation(8.1)workscorrectly the𝐸፫ፚ፧፠፞ shouldbecorrected for this so that thestationary
battery pack is sized correctly. Thus𝐸፫ፚ፧፠፞ will be described as in Equation (8.7) and the quantity of energy a 100
kg battery contains will be described in Section 8.3.3. Using this method will keep the take-off weight equal for
both the range and endurance requirements, while still calculating the energy required for themost critical case.

𝐸፫ፚ፧፠፞=𝐸፫ፚ፧፠፞−𝐸100 kg battery pack (8.7)

Endurance
In order to calculate the energy required for the cruise and descent phase based on the endurance requirement,
Equation(8.8)[32]wasused. Inthisequationthepowerrequired iscalculatedbymultiplyingtheendurancespeed
(𝑉)bythetotaldragoftheaircraft(𝐷),𝜌equalstheairdensityatsealevel inkg/mኽand𝑆 thewingsurfaceareainmኼ.

𝐸፞፧፝፮፫ፚ፧፜፞=𝑡፞፧፝፮፫ፚ፧፜፞𝑃፫፞፪=𝑡፞፧፝፮፫ፚ፧፜፞𝑉𝐷=𝑡፞፧፝፮፫ፚ፧፜፞
1
2𝐶ፃ𝜌𝑉

ኽ𝑆 (8.8)

The total lift and drag coefficients for the aircraft optimised formaximumendurance can be estimatedwith Equa-
tions (8.9) and (8.10) [8].

𝐶ፋ=√3𝜋𝐴𝑒𝐶ፃኺ (8.9) 𝐶ፃ=4𝐶ፃኺ (8.10)
The endurance speed required for Equation (8.8) can be calculated with Equation (8.11) using the lift coefficient
from Equation (8.9).

𝑉=√𝑊𝑆
2
𝜌
1
𝐶ፋ

(8.11)

Avionics
Secondly, in order to calculate the energy required by all the avionics Equation (8.12) was used. In this equation
the power required in Watt of all components of the avionics group (𝑃።) are summed and multiplied by the time
theseavionicsare required (𝑡). In this case, 𝑡 is equal to the2.5hrsof enduranceplus twice the time to taxi plus the
time to climb, in total this equals 10147.2 seconds (≈ 2.8 hrs). Next to that, the efficiency of the battery (𝜂፛ፚ፭፭፞፫፲)
should be taken into account as well in order to properly determine the required energy.

𝐸ፚ፯።፨፧።፜፬=
1

𝜂፛ፚ፭፭፞፫፲
∑𝑃።𝑡 (8.12)

Thepower required for eachavionics component is listed in Table 8.1. Theseonly include the avionics that require
electrical power. For a full overview of the avionics please refer to Section 9.7.

Table 8.1: List of avionics power consumption.

Name Power (𝑃።) [W]
PFD &MFD2 66
autopilot3 14
radios4 8.3
IPad5 12
Engine computer6 6.1
Exterior lights7 28
Cooling pump8 50

From Table 8.1 it can be concluded that the total amount of energy required for the avionics equals 184.4 [W].
2http://static.garmin.com/pumac/GDU104X_GDU104XInstallationManual.pdf LA: 17-06-2020
3http://www.peter-ftp.co.uk/aviation/kap140/KAP140-im.pdf LA: 17-06-2020
4https://www.seam-avionic.com/pdf/a9hdjzromj.pdf LA: 17-06-2020
5https://support.apple.com/en-us/HT210133 LA: 17-06-2020
6https://www.pidramble.com/wiki/benchmarks/power-consumption LA: 17-06-2020
7https://www.whelen.com/pb/Aviation/Catalog%20Price%20Lists%20and%20Manuals/Orion_Series.pdf LA: 17-
06-2020
8Estimated to be 50 W
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Total Energy Result
After the energy for both categories is calculated, the total energy required from the battery system can be
determined with Equation (8.13).

𝐸፭፨፭ፚ፥=𝐸ፚ፯።፨፧።፜፬+𝐸፦፨፭፨፫ (8.13)

By the use of the input parameters described in Table 8.2, it was concluded that the battery should be sized to
deliver a total energy of 59.9 kWh. Next to that, for this energy required the endurance requirementwas limiting.
Namely, with this energy, a total range of 310 km for two pilots or 460 km for a solo pilot with a 100 kg battery
pack could be achieved.

Table 8.2: Input parameters energy determination.

Parameter value
𝑅 [km] 250
𝑡፞፧፝፮፫ፚ፧፜፞ [hrs] 2.5
𝑒 0.815
𝑆 [mኼ] 14.73
𝐴 10.1
𝑊 [N] 8725.0
𝑃፦ፚ፱ [kW] 72.2
𝐶ፃኺ 0.018
𝜂፛ፚ፭፭፞፫፲ 0.95
𝜂፭፨፭ፚ፥ 0.836 Figure 8.3: Battery architecture example, adapted from 9

8.3.3. Battery Characteristics
The next step, after determining the energy required from the battery, is to determine the battery composition,
mass and volume. For the battery composition of this aircraft, it is chosen to go with an architecture in which
multiple cylindrical battery cells are connected in series and/or parallel. To illustrate this design see Figure 8.3 9.
In order to cool this battery pack, a heat pipe will be in contact with all battery cells through which a coolant fluid
is pumped which will absorb the heat from the battery cells. This heated up coolant fluid will then be cooled by
flowing through a radiator that is exposed to airflow from the aircraft.
Battery Cell Data
In order to calculate the number of battery cells, first the specific battery cell datamust be known. For the design
of the battery pack three different cells were compared, which can be found in Table 8.3.

Table 8.3: Battery cell data.

Name INR21700-50E10 INR21700-40T11 NCR-18650B12

Manufacturer Samsung Samsung Panasonic
Diameter [m] 0.0211 0.0211 0.0185
Length [m] 0.0707 0.0704 0.0653
Mass [kg] 0.0687 0.0669 0.0475
Nominal Voltage [V] 3.6 3.6 3.6
Max. discharge current [A] 9.8 35 4.87
Capacity [Ah] 5.0 4.0 3.35

Amount of Battery Cells
With the specific cell data known the amount of cells required in series andparallel can be calculated. The amount
of cells in series (𝑁ፒ) is calculated using Equation (8.14) [33], as the voltage of cells add up when connected in
series. In this equation 𝑉፫፞፪. is equal to the required voltage level of the entire electrical subsystem in volts, 𝑉፧፨፦
is equal to the nominal voltage of a battery cell in volts. When observing Figure 8.1 it can be concluded that the
highest voltage required equals 400 V. 𝑉፫፞፪. is thus equal to 400 V as all systems in the electrical block diagram
(Figure 8.1) are connected in parallel.

𝑁ፒ=
𝑉፫፞፪.
𝑉፧፨፦

(8.14)

9https://patentscope.wipo.int/search/en/detail.jsf?docId=US254721855&tab=DRAWINGS, LA 18-06-2020
10https://www.imrbatteries.com/content/samsung_50E.pdf, LA 18-06-2020
11https://www.imrbatteries.com/content/samsung_40T.pdf, LA 18-06-2020
12https://www.imrbatteries.com/content/panasonic_ncr18650b-2.pdf, LA 18-06-2020

66

https://patentscope.wipo.int/search/en/detail.jsf?docId=US254721855&tab=DRAWINGS
https://www.imrbatteries.com/content/samsung_50E.pdf
https://www.imrbatteries.com/content/samsung_40T.pdf
https://www.imrbatteries.com/content/panasonic_ncr18650b-2.pdf


8.3. Battery Design

Equation (8.15) [33] is used to calculate the amount of battery cells required in parallel (𝑁ፏ). In this equation
𝐶፫፞፪. equals the required battery capacity in Ah and 𝐶፜፞፥፥ equals the capacity of a single battery cell.

𝑁ፏ=
𝐶፫፞፪.
𝐶፜፞፥፥

(8.15)

The requiredcapacity (𝐶፫፞፪.) is calculatedusingEquation (8.16) [33], inwhich𝐸፭፨፭ፚ፥ is the total energy required in
Wh, discussed in Section 8.3.2. 𝜂፭፨፭ፚ፥ is the total efficiency between battery and load, however, as the efficiency
is already incorporated in the energy determination, Section 8.3.2, it is set to 1.0 in this equation. 𝑉፥፨ፚ፝, the load
voltage of the battery, as described above in the determination of the amount of cells in series 𝑉፥፨ፚ፝ is equal to
400 V. Lastly𝐷𝑜𝐷 is the depth of discharge of the battery.

𝐶፫፞፪.=
𝐸፭፨፭ፚ፥

𝜂፭፨፭ፚ፥𝑉፥፨ፚ፝𝐷𝑜𝐷
(8.16)

Finally, the total amount of cells (𝑁) can then be calculated using Equation (8.17). It should be noted that 𝑁ፒ
and𝑁ፏ are rounded up to the smallest integer value greater than𝑁ፒ or𝑁ፏ, this tomake sure that the voltage and
capacity requirements are met.

𝑁=𝑁ፒ ⋅𝑁ፏ (8.17)

BatteryMass and Volume
With the number of battery cells calculated the mass of the battery can be determined by just multiplying𝑁 with
the mass of a single cell. However, this does not include the weight of the connectors between the cells, the
cooling heat pipes between the cells, the housing to keep the cells in place, etc. Do note that the aforementioned
housing does not include the structural protective housing of the battery pack, since this is part of the aircraft
structural design. Themass of all the battery cells is multiplied by a factor of 1.15 in order to account for the extra
mass added to the battery cells. The total estimatedmass of the battery pack (𝑚፛ፚ፭፭) in kg can then be calculated
using Equation (8.18), in which 𝑚፜፞፥፥ equals the mass of an individual battery cell in kg and 𝑁 equals the total
amount of battery cells required, see Equation (8.17).

𝑚፛ፚ፭፭=1.15⋅𝑁⋅𝑚፜፞፥፥ (8.18)

The factor of 1.15 is based upon data from the Pipistrel Alpha Electro13 [34] a GA aircraft similar to the Dragonfly,
for which it was assumed to use the NCR-18650B battery cells.
The volume of the battery (𝑣፛ፚ፭፭) is estimated in mኽ using Equation (8.19), in which 𝑑፜፞፥፥ and 𝑙፜፞፥፥ are the diam-
eter and the length of the battery cell in meters. This equation assumes that all the battery cells are fitted into a
rectangle box.

𝑣፛ፚ፭፭=(𝑁ፒ ⋅𝑑፜፞፥፥)⋅(𝑁ፏ ⋅𝑑፜፞፥፥)⋅𝑙፜፞፥፥ (8.19)

Battery Sizing Results
The sizingmethod described above to size the battery pack is used for all three cells described in Table 8.3. From
this itwas concluded that theSamsung INR21700-50E is thebest out of these three for thebattery design, as both
the resulting mass and volume are minimal, which is important for the design of an aircraft as both the available
volume and mass are limited. The input data for sizing the battery pack can be found in Table 8.4, respectively
the results can be found in Table 8.5. Note that due to the power density of the batteries not being high enough
themass budget for the batteries, described in Section 5.1.1, could not be achieved.

Table 8.4: Input values for the sizing of the battery pack.

Parameter Value
𝐸፭፨፭ፚ፥ [kWh] 59.9
Battery cell Samsung INR21700-50E
𝑉፫፞፪., 𝑉፥፨ፚ፝ [V] 400
𝐷𝑜𝐷 90%

Table 8.5: Results of sizing the battery pack

Parameter Value
𝑁ፒ 112
𝑁ፏ 33
𝑁 3696
𝑚፛ፚ፭፭ [kg] 291.9
𝑣፛ፚ፭፭ [mኽ] 116.34

13https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha-electro/, LA: 18-06-2020
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8.3.4. Battery Charging
As specified byELTA-MAR-14, the recharge timeof the battery shall be 40minutes. In order to confirmwhether
this requirement can be met the charging time of the battery should be calculated. The time to charge the bat-
tery can be estimated by dividing the capacity of the battery in Wh by the power output of the AC DC converter
multiplying it with a loss factor which is estimated to be 1.214. The AC DC converter can be seen in Figure 8.1 and
will not be onboard the aircraft, to save weight. This will thus require airports to have the charger available.
ThebatterymanufacturerSamsungspecifies that the INR21700-50Ebattery cell shouldbechargedwithacurrent
of 2.450 A and a voltage of 4.2 V15. As the battery design consists of 3 cells in parallel and 112 cells in series this
will equal a maximum charge current of 80.85 A with a voltage equal to 470.4 V. This is equivalent to a maximum
charge power of 38.0 kW. One should not exceed this charging power to ensure the battery lifetime, discussed in
Section 8.3.5, which is also closely related to requirement ELTA-BAT-05 which specifies that the battery shall
not exceed themaximum current and voltage levels specified by themanufacturer.
If a standard charger would be used, which will be plugged into the normal available power grid, it can produce
approximately an output of 3 kW [34]. This would result in a charging time of (59.9⋅1.2)/3=24ℎ𝑟𝑠. This charge
timeexceeds the specified requirement of 40minutes. Themaximumchargepowerof 38.0 kW, calculatedabove,
could beachievedwith for example a supercharger. Anexample of this is theTelsa superchargerwhich candeliver
direct current power outputs up to 120 kW16. Thus, using a supercharger with a power output of 38.0 kWwould
result in a charge time of (59.9 ⋅ 1.2)/38.0 = 1.9ℎ𝑟𝑠. This is unfortunately still above the required 40 minutes,
therefore the aircraft design requires a battery that can be swapped with a fully charged battery. As the charge
time with a supercharger equals 1 hrs and 54 minutes, only two battery packs are required as the empty battery
pack can be recharged within the flight time of 2 hrs (ELTA-MAR-12).
8.3.5. Battery Lifetime
In order to determine the business case for the aircraft, it is important to know what the battery life is. More
specifically howmany charge-discharge cycles the battery can do before becoming unusable. Inmost literature,
such as [35], it is assumed that the end of life of a battery is achieved once the capacity of a battery has dropped
below 80% of its original capacity.
The loss of capacity over time or use (capacity fade) is due to multiple occurrences and circumstances such as
the loss of lithium-ion and active material within the battery cell over time, the atmosphere in which the battery
is stored as well as the load to which the battery is applied.
The advertised cycle life of the Samsung INR21700-50E is 500 cycles17. After these 500 cycles the capacity has
faded to 80% of its original capacity. This is, however, measured for a depth of discharge of 100%. As described
by [36] the battery cycle life can be enlarged by decreasing the depth of discharge at which the battery is oper-
ated. Next to that, it can be seen that for the electric cars of Tesla the battery packs still have 93%of their original
capacity left after 1000 cycles- this data is based on a survey conducted among Tesla car owners18. This data can
beuseful for the proposed aircraft design in this report as the battery cells used in the batterymodules of Tesla are
similar to theonesused for thebatterydesignproposed in this report19. Thebatteryhavinga cycle life above1000
cycles is supportedbyH.Poppet al. [37], apaper inwhich the cycle life of theSamsung INR21700-50Ebattery cell
was tested for different C-rates and DoD’s. From this research it can be concluded the Samsung INR21700-50E
battery cell has a cycle life of 1500 cycles for a DoD of 80% .
Therefore it is estimated that the battery life cycle of the battery design proposed in this report, consisting of the
aforementioned Samsung INR21700-50E battery cells, for a depth of discharge of 90% equals 1000 cycles, as
the depth of discharge is slightly higher in comparison to [37].
8.3.6. Verification and Validation
This sectiondescribes theverificationandvalidationof themethodsdescribed inSection8.3. First, theverification
tests are described, then the validation tests, and lastly a future plan for validation will be proposed.
Verification
In order to verify both the energy determination method and the battery composition method, small unit tests
were used. First of all, for the energy determination, a test was performed in which the required endurance and
range were both set to 0, this should result in the motor energy calculated for only the climb and taxi phases.
Calculation by handmay be easily performed for these phases. This unit test was performed successfully.
14http://www.csgnetwork.com/batterychg2calc.html, LA: 21-06-2020
15https://www.imrbatteries.com/content/samsung_50E.pdf, LA: 21-06-2020
16https://www.tesla.com/nl_NL/support/home-charging-installation, LA: 29-06-2020
17https://www.imrbatteries.com/content/samsung_50E.pdf, LA 18-06-2020
18https://maartensteinbuch.com/2015/01/24/tesla-model-s-battery-degradation-data/, LA: 19-06-2020
19https://electrek.co/2017/08/24/tesla-model-3-exclusive-battery-pack-architecture/, LA: 19-06-2020
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Secondly, a unit test was performed on the battery compositionmethod. One example of this was to hand calcu-
late the number of cells required in series. This test was successful. Next to that, it was checked if the depth of
discharge (𝐷𝑜𝐷) decreases the capacity required and thus the number of cells in parallel should increase. This
was tested successfully.
Validation
In order to validate the energy determinationmethod, for the battery compositionmethod and the charging time
estimation real-life exampleswere used. For the energy determination and charging time estimation the Pipistrel
Alpha Electro was used for comparison. For the validation of the battery composition a battery module of a Tesla
Model S was used as an example.
First of all fot the energydeterminationmethod (Section8.3.2), as describedabove, the caseof thePipistrel Alpha
Electrowas used. The Alpha Electro has a battery pack of 21 kWh for an endurance of 1.5 hrs20, including reserve
time. For the input of the method the technical data20 and estimated values for the efficiencies and 𝐶ፃኺ [8] were
used. This resulted inanenergy requiredof25.8kWh. Thusadifferenceof4.8kWhofenergy ispresent, onecould
argue that this difference of 22.8% is quite significant, however, as already described above the𝐶ፃኺ aswell as the
efficiencies (Oswald efficiency, battery efficiency and propeller efficiency) had to be estimated, this brings some
uncertainty in the validation process. Overall this validation is concluded as a success, as although it is not highly
accurate, it does come close and overshoots the energy required a little bit. In this case an overshoot is a better
result than producing an underestimation as this will make sure the endurance requirement will be met. Next to
that, in the energy determinationmethod 𝐶ፋ and 𝐶ፃ are estimated therefore a little inaccuracy can be expected.
Secondly, to validate themethod to determine the battery composition required a battery module from the Tesla
Model Swasused. This batterymodule is composedof 6 cells in series and74 cells in parallel for a nominal voltage
of 22.2 V and a capacity of 5.2 kWh21. The type of cell is similar to the Panasonic NCR-18650B. Using the values
described above for a 𝐷𝑜𝐷 of 100% results in a composition of 7 cells in series and 70 in parallel. By decreasing
the 𝐷𝑜𝐷 to 95% results in a battery composition of 7 cells in series and 74 parallel, which is almost equal to the
original compositionof theTeslabattery21. Therefore thevalidation is concludedasa success. Multiplying the444
cells (6× 74) with the factor of 1.15 and the individual cell mass, see Equation (8.18), results in a batterymass of
24.25 kg, this is slightly lower compared to the 26.3 kg described on 21. This is most likely due to the fact that for
the automotive industry cheaper, less exotic materials are used in comparison to the aircraft industry (materials
as Kevlar or carbon fibre), which therefore results in the estimatedmass to be slightly lower.
Lastly to validate the battery charging time estimation described in Section 8.3.4 the case of the Pipistrel Alpha
Electrowasused. In [34] it is specified that the charge timeof the21kWbattery is equal to2hours and30minutes
for a charger output power of 10 kW and 1 hour and 10minutes for a charger output power of 20 kW. The results
of the relation described in Section 8.3.4 are a charge time of 2.52 hrs (2 hours and 31 minutes) and a charge
time of 1.26 hrs (1 hour and 15minutes) respectively. Which is almost identical to the test case and therefore the
validation test is successful.
Future Validation
Of course validating the sizingmethodsdoesnot cover thewhole validationprocess. It is therefore recommended
to, once the battery is built, test the capacity of the battery by connecting it to a load similar to the flight profile.
In this way it can be validated whether the battery contains enough energy and can provide enough power for
the full flight profile. Next to that, it can also be tested on the time to fully charge the battery as well as what the
cycle life of the battery is. The latter is however quite expensive as you need to run the battery for more than 500
cycles, therefore it might be a better solution to computationally model the cycle life.
8.3.7. Risks
The first risk that was identified is the fact that in the energy determination method the values for 𝐶ፋ and 𝐶ፃ are
estimated and thusmight not be the exact real numbers. Away tomitigate this risk is to check the value for𝐶ፋ and
𝐶ፃ during the subsystem integration process, and check whether these values are within the limit for a general
aviation aircraft.
Next to that, another risk that was identified is whether the factor of 1.15 to calculate the battery mass is not re-
alistic, whichwill result in an unachievable or over-designed battery weight. This risk can bemitigated bymaking
sure the percentage of battery weight of themaximum take-off weight is similar to other GA aircraft.
One should also keep in mind the risk of one battery cell being faulty, as for the battery composition method it
is assumed that all battery cells are working properly. To mitigate this risk the composition should be slightly
over-designed, by adding for example an extra cell to the series or parallel rows, which already happens as the
number of cells are rounded up to the nearest integer.
20https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha-electro/#tab-id-2, LA: 18-06-2020
21https://hsrmotors.com/products/battery_modules, LA: 18-06-2020
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Another risk is that the estimation of the battery charging time is not accurate enough and that for example the
charging losses are greater or smaller thanexpected. Tomitigate this risk a battery storagedesign should beused
in which the battery can be swapped for a fully charged battery.

8.4. Engine Design
Inthissectionall thenecessarystepswillbetakentodesigntheengineoftheaircraft. Todothis, therequiredengine
parametersarefirstcalculated inSection8.4.1. Basedontheseparameters,amarketresearchwillbeperformedin
Section 8.4.2. Thereafter, the propulsion configurationwill be determined in Section 8.4.3. With that inmind, the
propeller shaft can bedesigned in Section 8.4.4. Then verification&validation is done in Section 8.4.5. After that,
thelayoutoftheenginecomputer isdescribedinSection8.4.6. LastlytheriskswillbetoucheduponinSection8.4.7.
8.4.1. Engine parameters
This section explains the calculations or reasoning for the engine parameters. With these parameters inmind one
can have a look at the currentmarket to find an electric engine that best suits the requirements. This is discussed
in Section 8.4.2.
RPMRange
Most single engine piston (SEP) trainer aircraft, like the Cessna 172, in use today have a maximum RPM of 2700.
The Alpha Electro, however, has a maximum of 2500 RPM and aircraft equipped with a Thielert TAE engine have
a maximum RPM of 2300 RPM22. Due to the fact there are two propellers in the Dragonfly-aircraft, the RPM can
be kept lower compared to conventional aircraft. The exact RPM will flow out the propeller analysis, but for the
market analysis a maximumRPM of 2300 will be chosen based on the lowest RPM from conventional GA aircraft.
MaximumContinuous Power
To calculate themaximum continuous power needed from the engines, three cases were studied: power needed
during the take-off run, power needed for cruise climb at sea level and power needed for cruise climb at ceiling.
Power needed during take-off
For the power calculation during take-off it was assumed there is no ground effect. Furthermore, the calculation
is for sea level ISA conditionswith zerowind. Also, the calculation is basedonaverageparameters, aswill become
clear with the following formulas which are based on [14].
First the average accelerationwas calculated during the take-off runwith Equation (8.20), where𝑉፥፨፟ is the lift-off
speed which is 1.05⋅𝑉፬፭ፚ፥፥ and 𝑠 is the take-off run. A take-off run of 250meters is assumed. That leaves another
250meters to climb to 50 feet/15meters which satisfies ELTA-CS-FLT-15.

𝑎=
𝑉ኼ፥፨፟
2𝑠 (8.20)

Next, the average velocity was calculated with Equation (8.21). After that, the average drag was calculated with
Equation (8.22). The only tricky parameter was 𝐶ፃᑥᑠ which is the drag coefficient during the take-off run. On the
internet not much information was given on this parameter. Therefore, examples were used from the book [14].
In these examples a value of 0.0414 (from a Cirrus SR22) was the highest and was used for safety reasons. For
the average lift the same equation is used as for the drag, but the coefficient 𝐶ፋᑥᑠ is used instead. Using examples
from [14] it was found this coefficient was 34% of the 𝐶ፋᑞᑒᑩ during take-off.

𝑉=
𝑉፥፨፟
√2

(8.21) 𝐷= 12𝜌𝑉
ኼ
𝑆𝐶ፃᑥᑠ (8.22)

NowEquation (8.23) can be rewritten to find 𝑇which is the only unknown. 𝑔 is namely the gravitational accelera-
tion,𝑊 the aircraft weight and 𝜇 the friction coefficient which for GA aircraft is 0.03-0.05. For safety reasons 0.05
is chosen.

𝑎= 𝑔
𝑊(𝑇−𝐷−𝜇(𝑊−𝐿)) (8.23)

The last step is to multiply the founded thrust with the highest speed that is reached on the runway, which is 𝑉፥፨፟
as power is thrust times velocity. The drawback of this method is that the average thrust is calculated. It turned
out, however, that the power during take-off was not limiting as can be seen in Section 8.4.1.
Power needed during cruise climb at sea level
Requirement ELTA-CS-FLT-16 states that the climb rate shall be at least 2 m/s. However, for this calculation
a rate of climb of 2.54 m/s is used. This is based on IFR regulations that state single engine aircraft shall have a
minimum rate of climb of 500 ft/min.
22All mentioned RPMs are from the respective pilot’s operating handbook
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Equation (8.24) is used for the power calculation. 𝑅𝑂𝐶 is the rate of climb, 𝑊 is the aircraft weight, 𝐷𝑉 is the
dragmultiplied with the speedwhich is the required power and 𝑇𝑉 is the thrustmultipliedwith the speedwhich is
the power available. For the drag Equation (8.22) is used with the parameters tuned for sea level ISA conditions.
For the speed the cruise speed is taken. In this equation it is assumed the lift equals drag. For the actual values
please refer to Section 8.4.1. When Equation (8.24) is rewritten to Equation (8.25) one can calculate the power
the engine needs to deliver.

𝑅𝑂𝐶= 𝑇𝑉−𝐷𝑉𝑊 (8.24) 𝑃ፚ፯ፚ።፥=𝑅𝑂𝐶⋅𝑊+𝐷𝑉 (8.25)

Power needed for cruise climb at ceiling
The climb requirement of 500 feet/minute has to be met at the service ceiling as well. For this the same method
is used as for the climb rate at sea level with the difference the 𝜌within the drag equation is changed to the value
at the ceiling altitude and the cruising speed is converted to true airspeed according to Equation (8.26). In this
equation it is assumed𝑉፜፫፮።፬፞ is theequivalent airspeed. 𝜌ኺ is theair density at sea level and𝜌፜፞።፥።፧፠ theair density
at ceiling altitude.

𝑉ፓፀፒ=𝑉፜፫፮።፬፞√
𝜌ኺ

𝜌፜፞።፥።፧፠
(8.26)

EngineWeight and Volume
Using off the shelf PMmotors the power density is 3.5-4 kW/kg. Then, the required inverterwill be 8 kW/kgwhich
means the combined power density is 2.5 kW/kg. At this moment Saluqi Motors is developing a motor with an
integrated inverter which results in a power density of over 3 kW/kg. For the calculations of the engine for the
Dragonfly the 2.5 kW/kg will be taken into account to have a margin. For the motor volume a power density of 9
kW/liter is taken 23. Lastly the efficiency of an AC PMmotor is around 0.95.
Engine Voltage and Current
It is beneficial to have a voltage as high as possible, because then the efficiency goes up and one needs less thick
power cables. For engines between75-200 kW, voltage levels between250-400Vare optimal according to Saluqi
Motors. Going for the highest possible efficiency a voltage of 400 V is chosen. For this more batteries should be
connected in series insteadof parallel, but thiswasno issue as canbe seen in Section 8.3. To calculate the amount
of current one can use Equation (8.27) where 𝑃።፧ is the amount of power that is delivered to themotor.

𝐼= 𝑃።፧𝑉 (8.27)

Engine Torque
The torque delivered by the engine can be calculated by dividing the amount of output power by the angular
velocity which can be seen in Equation (8.28), where 𝜔 is the angular velocity which can be related to 𝑅𝑃𝑀 by
Equation (8.29).

𝑇= 𝑃፨፮፭𝜔 (8.28) 𝜔=𝑅𝑃𝑀⋅2𝜋/60 (8.29)

Results
In Table 8.6 the input parameters and their values can be seen for the power calculations. Then in Table 8.7 the
power results are shown. Finally in Table 8.8 all the required engine parameters are shown.

Table 8.6: Input parameters for the maximum power calculations

Power calculation for
Parameter Take-off run Cruise climb

at sea level
Cruise climb
at ceiling Unit

s 250 - - m
𝑉ᑝᑠᑗ 24.31 - - m/s
𝑉ᑔᑣᑦᑚᑤᑖ - 50.0 50.0 m/s
𝜌 1.225 1.225 0.849137

(at 12000FT) kg/mᎵ

𝐶ᐻ 0.0414 0.0341 0.0341 −
𝐶ᑃ 0.628 - - −
𝜇 0.05 - - −
𝑊 8671 8671 8671 𝑁
𝑆 - 14.73 14.73 mᎴ

𝑅𝑂𝐶 - 2.54 2.54 m/s
𝜂ᑖᑟᑘᑚᑟᑖ 0.95 0.95 0.95 −

23Saluqi Motors
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Table 8.7: Power calculation output

Power calculation for
Parameter Take-off run Cruise climb

at sea level
Cruise climb
at ceiling Unit

𝑃ᑠᑦᑥᑞᑒᑩ 36.5 60.3 68.0 kW
𝑃ᑚᑟᑞᑒᑩ 38.5 63.5 71.6 kW

Table 8.8: Required engine parameters

Parameter Value Unit
𝑅𝑃𝑀 2300 -/min
𝑃ᑠᑦᑥᑞᑒᑩ 68.0 kW
𝑃ᑚᑟᑞᑒᑩ 71.6 kW
𝑊ᑖᑟᑘᑚᑟᑖ 297.8 N
𝑉 8.9⋅10ᎽᎵ mᎵ

𝑈 400 V
𝐼 200 A
𝑇 282.4 Nm

Sensitivity Analysis on Calculations
For the power calculations several assumptions were made in the calculations which implies that the results are
not true to life. To start with the calculation for the take-off run power required, an average acceleration is used
for this. In reality the accelerationwill decrease during the take-roll due to the increase of the drag force. Also for
the lift and drag forces averages are taken which are based on examples in [14]. As a result the calculated thrust
is also an average. Furthermore the ground effect is neglected in the performed calculation. In reality this ground
effect will reduce the tire friction because the lift force will become stronger due to the downwash of the wings
that will ’push’ the aircraft from the ground. Furthermore ISA circumstances were assumed. As the take-off run
requirement is basedon ISAaswell, thiswill not result in a problem. In the end the requiredpower for the take-off
run is half the value compared to the climb rate required power and it was concluded the take-off run is not the
limiting factor and it was deemed unrealistic that without the taken assumptions the outcome would result in an
increase of 50% to become critical compared to the other power results.
For the climb rate required power, it is assumed the lift equals the weight due to the small angle approximation.
In reality this is of course not the case as the lift forcewill be larger. With this simplification the rate of climbwould
be larger in reality which is beneficial compared to the other way around. TU Delft did a calculation on the climb
rate with the full set of equations of motion and the simplified ones. It turned out that the climb rate with the full
equations of motion was 0.52% higher. 24 Furthermore a rate of climb of 500 ft/min or 2.54 m/s is taken instead
of 2.0 m/s which is a CS-VLA requirement. With this it can be concluded the required power that resulted from
the calculations is realistic and has a safety margin in it.
8.4.2.Market Research on Existing Engines
Currently, several companies produce PM engines. For the aerospace industry Siemens is developing permanent
magnet motors. In Table 8.9 data for these engines is shown 25. Saluqi motors also has developed a suitable
engine, namely the P50 engine. When this engine is used in a twin configuration the parameters do exactlymatch
with the parameters of Table 8.8. That is why it is included although it is a twin engine instead of a single engine.
Both engines could be positioned next to each other and drive a single axis for the propellers which can be seen in
Figure 8.4 where the propeller axis would be connected to thewheel on the top.26 Another possibility is that both
engines drive a propeller individually. It should be noted that the engineweight of the Siemens engines iswithout
engine invertersof8-10kg. FortheSaluqi this is includedastheenginehas its inverter integratedwithintheengine.

Figure 8.4: Saluqi P50 twin

From the data in Table 8.9 it can be concluded that the calculated parameters for the engine of the Dragonfly are
realistic and it will be possible to find a suitable engine. It is difficult however to find prices for these engines. For-
tunately Saluqi had price data, namely that a PMengine plus inverter for aviation purposes cost around100€/𝑘𝑊.
24Lecture 12 on climb and decent performance of the AE2230-I course at the TU Delft
25https://www.ie-net.be/sites/default/files/Siemens%20eAircraft%20-%20Disrupting%20Aircraft%
20Propulsion%20-%20OO%20JH%20THO%20-%2020180427.cleaned.pdf and https://www.bbaa.de/fileadmin/
user_upload/02-preis/02-02-preistraeger/newsletter-2019/02-2019-09/02_Siemens_Anton.pdf

26From datasheet Saluqi P50 twin - 100 kW
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Table 8.9: Engine data of current engines on the market

SP45D SP55D SP70D SP200D SP260D-A Saluqi P50 twin
Continuous Power (kW) 45 55 70 200 260 80
Peak Power (kW) 60 72 92 204 - 100
Max RPM 2500 3000 2600 1300 2500 1600-2500
Weight (kg) 28 27 26 49 44 30
max Torque (Nm) 324 180 340 1500 977 380-600
Voltage (nominal) (V) 300-450 350-450 350-450 450-850 580 300-400

8.4.3. Propulsion Configuration
During the midterm phase of this project [1], it was decided to go for a single engine design with two contra-
rotating propellers (CRPs). In this more detailed design phase, there was a more thorough look in the different
possibilities on how to activate the propellers. Current aircraft (projects) use for example one electric engine
per propeller 27 due to the small size of an electric motor in combination with the low weight 28. There are more
possibilities however, for example one enginewith a gearbox attached. This gearbox could be fixed or adjustable
to get different RPM ratios between the two propellers.
To find outwhat type of configurationwasmost suitable for this project a trade-off was performed. It startedwith
a QFD which can be seen in Figure 8.5. The customer importance rating for the aircraft cost was chosen to be 4
and not 5 because €150 000 is relatively cheap for an aircraft when compared to conventional trainer aircraft like
the Cessna 172 or the Piper Archer. On the other hand, it was a customer requirement that the aircraft’s price
shall be at maximum €150 000. The ’CS-VLA certifiable’ requirement is marked with a 4 instead of a 5, because
the ultimate goal is to certify it for CS-23. As the student pilots who are going to use the aircraft will be trained for
other conventional aircraft the ’fly like a conventional aircraft’ is marked with a 5. For the next criterion a score
of 3 was assigned as some sort of autopilot is good to have, but it is not highly necessary. The last criterion is
markedwith a 5 as this whole project is about the enhancement of the pilot’s training. The technical performance
measurements speak for themselves. For the conventionality it was chosen to link it to a SEP aircraft as these
aircraft are mostly used initial flight training.

Figure 8.5: QFD on engine configuration

Propulsion Configuration Trade-Off
To propel the CRPs five concepts were created and were traded off, which will be discussed in this section. Fur-
thermore each design refers to Figure 8.6 where the trade-off on the propulsion configuration is shown.
Two engines, single lever
This concept consists of two engines behind each other, where the front engine propels the rear propeller and the
rear engine the front propeller. A visualisation of this can be seen in Figure 8.7. To give the pilot a feeling as they
are flying a single engine aircraft, they have only one lever in the cockpit. An engine computer will then convert
the lever inputs into power inputs for the two engines. Furthermore this computer should deal with failures itself
such as an engine malfunction as the pilot cannot do it (he only has a single lever). A first thought was that such
a computer would be very complex, but Tesla uses a similar principle where the driver has only one gas paddle
and a computer regulates the power to the different engines. Furthermore, in drone applications the different
propellers are driven by different engines although the user does not steer thosemotors individually and directly.
Additionally, the operational costs will be low as there are not many mechanical parts that need to be inspected
during maintenance. For this reasons the cost and complexity are both marked with a 3. As there are not many
mechanical parts and as according to Table 8.9 the engines combinedweigh notmuchmore than a single engine,
27Contra Electric Propulsion Ltd. and Electroflight
28According to Electroflight the two motors weigh approximately 50kg whereas with piston engines it would be 150/200kg (≈ 300 HP)
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the system weight is marked with a 4. Because there is only one lever in the cockpit it handles like a normal SEP
aircraft. It ismarkedwitha3andnota4as thereshouldbe informationpresent in thecockpit about thestateof the
engines. This information is about twoengines andnot about a single engine. Going to the training effectiveness,
this is marked with a 4 due to the engine computer. This computer could adjust the amount of power to the
engines to simulate different weight and weather conditions which is beneficial for the student pilot to train for.
Thecertifiability ismarkedwitha1,becauseVLAcertificationcanonlybedonewithsingleengine. Itwaschosennot
toawardascoreof0, as theend-goal is to certify theaircraft underCS-23and thereonecanhavemultipleengines.
Two engines, multi lever
This concept uses the same layout as the previous concept with the exception that it has a lever in the cockpit for
eachengine. Therefore, there isnoneed foranenginecomputer. This resulted inascoreof4 forboth the ’cost’ and
’complexity’. Thesystemweight ismarkedwitha4for thesamereasonsasthepreviousconcept. Asthepilot isnow
flying amulti-engine aircraft it scores a 1 on the SEP criterion. It was chosen not tomark it with a 0 due to the fact
that there are no extramixture levers for both engines and the two engines aremounted in the front. This will not
result in a strong torque,whichwould be the casewhen there are twowing-mounted engines. The added training
effectiveness isneutral. Thepilot can train formulti engineaircraft, but there isnocomputer inbetween that regu-
latestheamountofpowertotheengineswhichcanbeusedforsimulatingdifferentweightandweatherconditions.
Therefore this criterion ismarkedneutralwitha2. For thecertifiability thesamereasoningas forconcept1applies.
Single engine with fixed gearbox
A single engine is used for this concept. In order to propel two propellers, a gearbox is used. In this design this is
a fixed gearbox whichmeans the RPM ratio between the propellers is fixed. Due to this fixed property the system
will notbe that complexand thecostswill notbe thathigh. Therefore thesecriteria aremarkedwitha3. Due to the
addedweight of thegearbox the systemweight ismarkedwith a3. As there is only oneengineandone lever in the
cockpit it feels for thepilotasaSEPandtherefore it is rankedasa4. Thetrainingeffectiveness ismarkedneutralbe-
causethere isnoenginecomputer inbetweenthatcansimulatedifferentweightandweatherconditions. Thecerti-
fiability is scoredwitha3because it fulfils theVLArequirements. Dueto theCRPshowever, it isnotmarkedwitha4.
Single engine with variable gearbox with extra lever
This concept is the same as the previous concept, but instead of a fixed gearbox it used a variable gearbox which
means the pilot can regulate the RPM ratio between the two propellers bymeans of a second lever in the cockpit.
One could see this extra lever as a sort of governor lever. The gearbox will be more complex compared to the
previous concept and will also be heavier. The complexity is therefore marked with a 1 as well as the system
weight. The cost is marked neutral as it is a well-known concept when one looks at the car industry for example.
On the other hand, it is still expensive due to the complex gearbox. When the extra lever in the cockpit is seen as
a governor the aircraft acts like a ’complex’ aircraft used for CPL training. For beginning students it can be hard
at first, therefore it is marked a 3 and not a 4. Also the training effectiveness is marked a 3 due to the extra lever.
The certifiability is marked as a 2 due to the possible extra issues certifying the gearbox.
Single engine with variable gearbox computer steered
The only differencewith regards to the previous concept is that the gearbox is now not controlled by a lever in the
cockpit, but by the engine computer. Due to the added costs of the engine computer the cost criterion is marked
with a 1. The complexity is 1 just like the manual gearbox variant. The system weight however is chosen to be 2
due to the fact that there are more mechanical parts as the gearing is done manually. Because there is only one
lever in the cockpit it flies like a SEP aircraft and therefore scores a 4. The training effectiveness is marked a 4
as well due to the fact that the computer can change the amount of input power to the engine and the gearing
to simulate different aircraft weight and weather conditions. The certifiability is scored with a 2, for the same
reasons as the last concept plus the fact that the engine computer needs to be certified as well.

Figure 8.6: Trade-off on engine configuration

74



8.4. Engine Design

Whenlookingat thescoring, ’thetwoengines, single lever’and ’singleenginewithfixedgearbox’scorethebestand
areclosetoeachother. Asthedifference issosmallonecannot justsaythat thesingleengineconceptwillwin. After
abrainstormwiththeentire teamitwasdecidedtovaluetheaddedtrainingeffectivenessmoreandthecertifiability
less as the aircraft’s final goal is to be certifiedwithinCS-23. With this inmind the twoengineswith a single lever in
the cockpit will win the trade-off. During the sensitivity analysis it furthermore turned out that if the addedTEwas
increasedwith only 3%or the certifiability decreasedwith 3%the twoengine conceptwith single leverwouldwin.
8.4.4. Engine Shaft Design
As theSaluqiP50 twinengineconfiguration fulfilsall calculated requiredengineparameters itwasdecided togo for
this engine. Theonly problemwas theengine configuration, as in thegivendatasheet themotorswerepositioned
next to each other instead of behind each other. After having contact with Saluqi, it was no problem changing to
this configuration. The cost would still be the same (100€/𝑘𝑊). The diameter would increase with 5-10 cm due
to the shaft going through the front engine. The engines plus inverters could however be 5 cm shorter due to this
configuration. Placing the engines after each other has the advantage of using a direct shaft, which means they
will directly propel their respective propellerwithout any belting or gearing in between. During gliding flightwhen
the engines do not have to produce thrust they will become automatically generators that recharge the battery.
A downside is that the engineswill operate at relatively lowRPMswhich affects their efficiency, but it was deemed
the advantages overcome this downside as there is no need for a freewheel bearing for recharging the battery
and no gearing or belting is needed which would result in extra weight.
To have the configuration visualised, please see Figure 8.7. The back engine propels the front propeller and the
front engine the back propeller. For visualisation purposes the engines are drawn with an exaggerated space
between each other. In reality they will lie exactly behind each other with no gap in between. For the calculation
of the shaft’s shear stress, twist and bending will be evaluated. In the exaggerated Figure 8.7 one can see that
bending is an important factor as the shaft of the back engine has to go all the way to the front propeller, acting
as a ’cantilever beam’.

Figure 8.7: Twin engine configuration

Material Selection
The propeller shaft will be loaded in torsion which will result in shear stresses and a twist angle. Normal stresses
are created due to the thrust force of the propellers and lastly bendingwill take place as the shaft can be seen as a
cantilever beamwhich is fixed at one end (at the engine) and is free at the other end with a weight on it (the pro-
peller). Fatiguewill play an important role as the shaft will be continuously rotating during the aircraft’s operation
[38]. With this in mind one should select a material with isentropic properties. Metals fulfil these requirements.
Composites too if they are produced with several fibre layers such that they are not unidirectional anymore. For
the scope of this project ametal is chosen as it is easier to perform calculations on it. Severalmetals (alloys) exist,
but in aerospace weight is an important factor. For this reason, Aluminium 2024 is chosen.
Bending
For the bending calculations it is assumed the bending will occur symmetrically, being influenced only by the
gravity force of the propeller. In reality there will be more bending due to the changing angle of attack of the
propeller blades when going up with respect of going down in climbing or descending flight.
Calculating the bending of a cantilever beam can be done with Equation (8.30) [13] where 𝑃 is the force exerted
on the end of the beamwhich is the propeller weight, 𝑙 is the length of the beam, 𝐸 is the Young’s modulus of the
material and 𝐼 is the moment of inertia. As an exact value for the maximum deflection of the shaft could not be
found in regulations, a deflection of 0.5 mmwas taken. Next, Equation (8.30) was rewritten to find the moment
of inertia. Thismoment of inertia equals Equation (8.31) [13]where a thinwalled assumption is applied. 𝑡 equals
the thickness of the shaft and 𝑑፦ equals the middle diameter. This equation was then rewritten in order to find
the diameter. 𝑡was also unknown, so an iteration took place in order to find a thickness that was at least 10 times
smaller than the diameter in order to legally apply the thin walled assumption.

𝛿፦ፚ፱=
𝑃𝑙ኽ
3𝐸𝐼 (8.30) 𝐼= 𝜋8 𝑡⋅𝑑

ኽ
፦ (8.31)

The limiting case for bending is the shaft that originates from the back engine and goes all the way to the front
propeller, as it will have the smallest diameter and is the longest shaft. For the shaft originating from the front
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engine and going to the back propeller the only constraint was that the inner diameter should be larger than the
outer diameter of the inner shaft plus a margin such that the two shafts will not touch each other. This safety
marginwas takenas1cmon the radius. As themaximumdeflectionallowed isonly0.5mm,no touchingwill occur.
Shear Stress
For the calculation of the shear stress also a thin walled assumption was applied. First the shear flow was calcu-
lated using Equation (8.32) [13]where𝑇፦ፚ፱ is themaximum torque and𝐴 is the enclosed area. In Section 8.4.1 it
was calculated that themaximum torque of the engine needs to be 293Nm. The Saluqi P50 however can produce
400 Nm of torque. Furthermore the propeller will introduce additional torque due to the drag of the propeller
blades. This torque was assumed to be 100 Nm. The total torque will therefore be assumed as 500 Nm. Lastly
themaximum shear stress is calculated with Equation (8.33) where 𝑡 is the thickness of the shaft.

𝑞፦ፚ፱=
𝑇፦ፚ፱
2𝐴 (8.32) 𝜏= 𝑞፦ፚ፱𝑡 (8.33)

Twist
The twist should be as low as possible for fatigue reasons and for the fact that one does not want the propeller
to lack behind the power setting of the engine. First, one should calculate the twist angle 𝜃 per unit length 𝑧with
Equation (8.34) [13], where 𝑇 is the torque,𝐴 the enclosed area, 𝐺 the shearmodulus of thematerial and 𝑡 is the
thickness of the shaft. The integral can be simplified to 𝜋𝑑፦ using the thin walled assumption. Integrating Equa-
tion (8.34) is simplymultiplying the equationwith the length of the shaft as the torque is constant along the shaft.

𝑑𝜃
𝑑𝑧 =

𝑇
4𝐴ኼ∮

𝑑𝑠
𝐺𝑡 (8.34)

Normal Stress
Thrust isprovidedby thepropellers. Thismeans that thepropellersare ’pulling’ theaircraft forward. This forcewill
go through the shafts and hence they should be able to withstand these forces. The normal stress 𝜎 is calculated
using Equation (8.35) where 𝐹 is the exerted force and 𝐴 the area. Note that it is not the enclosed area, but the
area of thematerial itself which can be calculated by subtracting the radiusminus half thematerial thickness from
the radiusplushalf thematerial thickness. Thequestion iswhat force𝐹 touse. For thisSection8.4.1 isusedwhere
the required power is calculated. Then 𝑃=𝑇𝑉 is used where 𝑃 equals the power, 𝑇 the thrust and 𝑉 the velocity.
Comparing the powers from Table 8.7 with their corresponding velocities which can be seen in Table 8.6 it was
found the cruise climb at sea level required the highest thrust which was 1500 N. This is the total thrust provided
by both propellers. Per propeller this should be divided by two. For safety margins, this division was not done.

𝜎= 𝐹𝐴 =
𝐹

𝜋((𝑟+𝑡/2)ኼ−(𝑟−𝑡/2)ኼ) (8.35)

Results
In Table 8.10 all the input parameters for the shaft design are shown. For themaximum twist angle andmaximum
deflection 0.1°and 0.5 mm is used respectively. Exact constraints for these parameters have not been found,
but in a normal engine one can assume there are by far more vibrations compared to an electrical engine, so the
mentioned values are considered reasonable.
The results are shown in Table 8.11. In this table, it can be seen that all the constraints aremet. Furthermore the
calculated stresses are below the maximum stresses of Aluminium 2024. This is including a safety factor of 1.5
that is applied to the calculated stresses. With this safety factor applied the formulas described in the previous
section were reverse engineered to find the new diameter and thickness. To have a valid thin walled assumption
the thicknesswas taken as 10%of the diameter of the long shaft which is the limit for the thinwalled assumption.
Theonly thing thatdoesnot result fromthis table is the fatigue. According to 29 (whereall theAluminium2024was
collected from) the fatigue strengthofAluminium2024 is 138MPawith500million cycles. The calculated stresses
are themaximum stresses that will only occur if the propeller goes from standing still to its highest RPM. Besides,
fromengine tests on the ground, this will only occur during take-off. Furthermore the calculatedmaximum stress
is an order of 10 smaller than the fatigue strength. Therefore it is deemed to be on the safe side.
29http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA2024T4
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Table 8.10: Input parameters for shaft design

Parameter Value Unit
Thrust, max 1500 𝑁
Torque, max 500 𝑁𝑚
Young’s modulus of
aluminum 2024 73∗10ዃ 𝑃𝑎
Shear modulus of
aluminum 2024 28∗10ዃ 𝑃𝑎
density aluminum 2024 2.78∗10ዅኽ 𝑘𝑔/𝑚ኽ
Propeller weight 49 𝑁
length long shaft 0.5 𝑚
length short shaft 0.15 𝑚
max deflection constrain
at the tip of the long shaft 0.0005 𝑚
max twist angle constrain
at the tip of the long shaft 0.1 𝑑𝑒𝑔

Table 8.11: Calculated shaft properties

Parameter Long shaft Short shaft Aluminum 2024
property Unit

Middle diameter 0.080 0.100 - 𝑚
Thickness 0.008 0.008 - 𝑚
Max shear stress 9.33∗10ዀ 2.33∗10ዀ 283∗10ዀ 𝑃𝑎
Max normal stress 1.12∗10ዀ 0.560∗10ዀ 324∗10ዀ 𝑃𝑎
Max twist angle 0.04 2.4∗10ዅኾ - 𝑑𝑒𝑔
Deflection at tip 7.0∗10ዅ኿ 1.07∗10ዅ኿ - 𝑚
Mass 2.80 1.68 - 𝑘𝑔

8.4.5. Verification&Validation
Power Calculation
For the required power calculation equations were used from [14]. These equations were then put into a Python
script where they were verified by inserting sample exercises out of the book. The validation was done by com-
paring the obtained values with existing aircraft. For this the Pipistrel Alpha Electro was chosen. From the POH
the wingspan, climb speed, max ceiling, rate of climb and the MTOWwas taken. The only assumption made was
the drag coefficient during cruise. This was kept the same as for the calculations on the Dragonfly. It turned out
the limiting power case was cruise climb at ceiling where the required power according to the Python script was
55 kW.With an engine efficiency of 95% this results in an engine input power of 58 kW. The Alpha Electro is fitted
with a 60 kW engine, so the code is validated.
Shaft Design
The equations used are taken from [39]. The same holds as for the power calculations: the equationswere put in
a Python script and verifiedwith examples from thebook. The reverse engineered equations due to safety factors
were verified by setting the safety factor to 1 and assessing if the results are the same with the non-reversed
equations. The calculationswere validated by comparing the found diameter for theDragonflywith a real aircraft
propeller shaft. For this a propeller shaft of a Cessna 172 was taken. After measuring this diameter on a real
aircraft it turned out to be 5.7 cmThis is smaller than the founded diameter of the Python script. This is due to the
fact the shaft of the Dragonfly is longer and hence it is subjected tomore forces. As the order of magnitude is the
same, the script passed the validation.
8.4.6. Hardware Diagram
In Figure 8.8 the hardware diagram the propulsion system is shown. The engine computer is powered by the
battery pack through the DC-DC converter. It also uses this input to calculate the remaining battery capacity.
Furthermore, theenginecomputergets input fromthe throttle lever, namely itsposition inpercentagesof the total
power available. Then the engine computer will divide the amount of power to each engine based on this throttle
position. The front propeller, for example, should be powered up first as it has a smaller angle of attack and hence
is easier to spin up. Then the rear propeller can be spun up easily due to the increased incoming velocity. The TE
is also connected to the engine computer. If one wants to simulate different weight or weather conditions, the
engine computer will adjust the power that is sent to the engine’s respective Electronic Control Unit (ECU) A (or B
in case of an ECU A failure). These control units then create set-points about the required RPMwhich are sent to
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the inverter of the motors. The inverters then ensure these set-points are realised by the motors. The ECUs also
receive engine temperature and torque from themotor’s inverter. Based on this information the set-points can be
adjusted. Furthermore, this data is continuously sent back to the engine computer and from there it is redirected
to the cockpit instruments. The ECUs are powered from the DC-DC converter as well. The motor inverters are
powered by their respective motor directly as they are integrated within each other. Lastly, one can see there
is a two-sided arrow going from the battery pack to the motors. This is because the engines can function as a
generator in gliding flight. In this case the battery will be recharged.

Engine
computer

ECU 1A

Throttle lever position

TE

Battery
Pack

High voltage
DC to low

voltage DC
converter

ECU 1B ECU 2A ECU 2B

Motor inverter 1 Motor inverter 2

Cockpit instruments

Motor 1 Motor 2

Data line

Power line

Back-up line

CAN BUS CAN BUS

Figure 8.8: Lay-out of propulsion’s electrical system

8.4.7. Risks
During the design of the engine several risks were thought of. To begin with the power of the engine, the limiting
case was cruise climb at service ceiling. The required power for this was two times as high as the power required
for the take-off run. Hence, the engine is overpowered during take-off. The risk is that students are overwhelmed
by this additional power. Tominimise this risk, the throttle could have amaximumposition which will not result in
100%power. In emergency situations or on very short runways the lever then could be positioned in TOGA-mode
(Take-Off, Go-Around) similar to Airbus aircraft.
Going to the propeller shaft, a risk is that the calculated stresses are lower than theywill be in reality. Tominimise
this risk a safety factor of 1.5 is applied to the stresses. With these new stresses the required area of the shaft was
recalculated.
Then there is still the electrical system which is shown in Figure 8.8. The engine computer may fail. In this case,
the throttle lever position is directly sent to the respective ECU. This means that the propulsion efficiency will go
downas the exact amount of thrust that should be generated by each enginewill not be known. Furthermore, it is
not possible in this scenario to simulate differentweight andorweather conditions as there is nodirect connection
between the TE and the ECUs. As one can see, there is no direct connection between the ECUs and the flight
instruments. This is done to save wiring and complexity. Hence, if the engine computer fails the pilot does not
receive the engine temperature and RPM. Therefore they should land as soon as possible.
AnECUmayalso fail. For this reasoneachenginehasaback-up,namelyECUB. If this failure isdue toamalfunction
of the DC-DC converter the ECUswill be powered by themotor inverter as a back-up. As the engine computer will
fail in this scenario the ECUs will directly receive the throttle input data.
If a total battery failure occurs, the engineswill stopworking. In this case the pilot should trim for best glide speed
and prepare for an emergency landing.
What is not yet mentioned is the risk of an engine failure in general which is not caused by a failure of the battery
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pack. In this case the aircraft is still flyable. When using maximum power on the remaining engine the aircraft is
still able to climb although it is only 60 feet/minute at sea level.

8.5. Propeller Design
This section presents the design and set-up of the propellers. During the literature study it became clear that little
literature is available about the design of a contra-rotating propeller (CRP). For this reason. only a basic analysis
could be performedwith no detailed design. To compensate for this and to be able to achieve a final design in the
future, a test plan is generated in Section 8.5.6.
8.5.1. Literature Study
As mentioned before it was decided during the midterm phase of this project to go for a CRP system. Research
into this is not new, however little is explored and there are a lot of grey areas. CRPs have high potential due to
the increase in efficiency and a cancellation of torque caused by the propeller [40]. Furthermore, the diameter
of the propellers can be made smaller and/or the RPM can go down. For a single propeller, this would imply a
noise reduction, for a CRP this is not a one-to-one relation as the rear propeller will go through the tip vortices
of the front propeller if the diameters are kept the same. Despite the advantages of a CRP, it is not widely used.
This is due to the added complexity which results in higher maintenance costs and a less reliable system when
looking at conventional engines. With electric engines it is a different story. These engines are smaller, have less
moving parts and hence are less complex andmore reliable. Besides, their weight is less than conventional piston
engines. With all of this in mind the concept of CRPs does not addmuch complexity as one can see in Figure 8.7.
In the literature study the focus was on propeller noise and the interaction between two propellers behind each
other in contra-rotating configuration. Itwasdifficult to find informationon these subjects, especially on the com-
bination of the two. Currently research on CRPs in combination with electric engines is performed - for example
by Contra Electric Propulsion Ltd 30, however findings are not (yet) published.
For noise produced by a single propeller more information was found e.g. in a report by NASA [40]. This paper
explains that increasing the number of blades of a propeller will result in a reduction of noise produced. Going
from two to three propellers would result in a decrease of 4 dB and going from three to four blades 4.5 dB. This
has to be done in combination with decreasing the RPM. Furthermore, it will result in a heavier propeller and the
costs will go up. Next to that, it is said that the climb performance of an aircraft will go down with an increasing
numberofpropellerbladesaccordingtoRathgeberandSipes. SalikuddingisalsomentionedintheNASAreport. He
investigatedhowmuchofa reduction innoisewaspossiblebysendingasinusoidal sound fromaspeakerplacedon
thefuselageofanaircraft. Itturnedoutthedecreasecouldbeintheorderof8-14dBwhensendingasignalbetween
200and1000Hz. This reductionof noisewashowever not unidirectional. Weiblen, also states in his research that
a noise reduction of 2-3 dB is observed per 100 RPM propeller speed decrease. The same holds for a decrease in
propellerdiameterper10cm. However, thepropellerdiametercannotbedecreasedtoomuchasthenthepropeller
slipstream velocity will increasewhich results inmore drag, which then should be solved by increasing the thrust.
For the CRP the slipstream of the front propeller needs to be analysed. This slipstream is affected by the induced
velocity (which is created by the thrust and the contraction of the slipstream), the change of total pressure across
the slipstreamand the tangential velocity andswirl introducedby thepropeller torque [41]. Fromanoiseperspec-
tive the rear propeller should be located within the slipstream of the front propeller, therefore the rear diameter
should bemade smaller. If the diameterswould be the same the propeller tipswould smash into the tip vortices of
the front propeller. An optimumhas to be found as the contraction of the slipstream is stronger at low speedswith
full thrusts (due to the highΔ𝑉) compared to cruising conditions. Furthermore, the angle of attack of the rear pro-
peller shouldbemade largerdue to the increasedvelocitywith respect to the freestreamvelocity in theslipstream.
Once again, no literaturewas found that investigated this in detail and hence a test plan is set up in Section 8.5.6.
8.5.2. Single Propeller Analysis
In order to design and size the propellers for the final stage of aircraft design in this project, first an analysis had
to be performed to understand what influence the propeller design parameters (number of blades, diameter,
geometry, power and rotation speed) have on the performance of a propeller system. Although the final aircraft
design will feature a CRP setup, it was decided to first analyse the influence of the design parameters for a single
propeller. This was done in order to get an understanding of the basic propeller phenomena. In order to perform
this analysis, the tool CROTOR [42] was used. The principle behind CROTORwill be discussed in Section 8.5.4.
For the analysis it was decided to use an equivalent of a fixed pitch Hercules propeller, which is already tested for
a CRP setup, because of its simplicity (consequently low cost and lowmaintenance) and good efficiency, see Fig-
ure 8.9 30 31 [43]. This propeller is thusused for analysis. However, the final selectionprocedureof thepropeller is
described inSection8.5.6. It shouldbenoted that this analysiswasperformedmainly to explore thedifferences in
30 URL: https://www.contraelectric.com/, LA 19-06-2020
31URL: https://www.hercprops.com/, LA 19-06-2020
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propellerconfiguration. Alongsidethegeometry, theaerodynamicparametersofaClarkYairfoilareused. Thisair-
foil iswidelyusedasabladeairfoilandknownfor itshighefficiencyand improvedaerodynamiccharacteristics[44].
Theaerodynamicparametersof thisairfoil areapproximatedusingJavaFoil [45]. JavaFoil isanalreadyvalidated32

aerodynamic toolwhichcanbeused toapproximateairfoil characteristics. Thediameterof thepropellerwasset to
2meters. Theatmospheric conditionswere set to the ISA-standard atmosphere at an altitudeof 1000meters and
the Reynolds number was set to 1⋅10኿. The flight velocity [m/s], input power [W] and the number of blades are
kept as variables. Using these input values for CROTOR Figure 8.10, Figure 8.11 and Figure 8.12 were obtained.

Figure 8.9: Propeller blade used for analysis [43]

An importantparameter in theperformanceofapropeller is thepropeller efficiency. Thisdefineshowmuchpower
from the engine is translated into thrust. Therefore it is preferred to have the propeller efficiency as close to 1.0
as possible, especially since the efficiency is one of the parameters with the most impact on MTOW, because of
its close relation to the battery weight. Figure 8.10 displays the propeller efficiency with respect to the advance
ratio. The advance ratio 𝐽 is described by Equation (8.36) [26] in which 𝑉 equals the aircraft flight velocity or true
airspeed inmeters per second, 𝑛 equals the rotational speed of the propeller in rotations per second and𝐷 equals
the diameter of the propeller in meters, which is in this case equal to 2.

𝐽=𝑉/(𝑛𝐷) (8.36)

From Figure 8.10a, which describes the propeller efficiency of a 2 bladed propeller for different power settings, it
can be concluded that the efficiency curvewill not varywith varying power settings. It should be noted that the 𝑥-
values of both curves in this figuredonot lineupdue to the fact that a fixedpitchpropeller is used. Thismeans that
the rotation speed𝑛will varywith different power settings, as a propellerwith a higher power setting can produce
more torque and thus can rotate the propeller at a higher rotation speed. That is why the efficiency is plotted as
a function of 𝐽. This will make the efficiency curve independent of the rotation velocity and the flight velocity.
The propeller design (geometry and number of blades) influences the efficiency curve, as can be seen in Fig-
ure 8.10b, in which the efficiency curve is displayed for different blade configurations at a power setting of 40 kW.
From this curve, it can be concluded that adding more blades to the propeller will decrease the overall efficiency.
In conclusion, the less propeller blades the better the propeller efficiency.
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Figure 8.10: Efficiency versus advance ratio.

The advantage of having more than two blades can, however, be seen in Figure 8.11, in which the rotational
velocity of the propeller in revolutions per minute (RPM) and the thrust generated by the propeller are displayed
as a function of the flight velocity with a fixed power setting of 40 kW. In these two figures it can be seen that for
example a 3 blade propeller can generate the same amount of thrust at a lower rotational speed in comparison
to a propeller with 2 blades. This is beneficial for the reduction of noise emission, as a lower rotational speed will
result in a lower helical tip Mach number, as the diameter is kept constant, which will reduce the produced noise
as discussed in the previously mentioned NASA paper [40].
32https://www.mh-aerotools.de/airfoils/javafoil.htm LA: 16-06-2020
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Figure 8.11: Rotational velocity and thrust versus flight velocity.

The final design parameter to be discussed is the propeller diameter. Figure 8.12 shows the efficiency and rota-
tional speed for different propeller diameters. These plots were created for a two-bladed propeller for a constant
power of 40 kWand a flight velocity of 46m/s. From these figures it can be concluded that the propeller efficiency
remains constant for diameters larger than 2 meters, however, once the diameter is smaller than 2 meters the
efficiency will decrease rapidly. This is most likely due to the fact that for these smaller diameters the rotation
speed increases very rapidly, Figure 8.12b, therefore the tip of the propeller is approaching Mach 1.0 resulting
in the efficiency to decrease very rapidly as the Clark Y airfoil is not suited for high Mach numbers. For a diame-
ter larger than 2 meters the relation between RPM and diameter is almost linear, which will result in a constant
advance ration, which in turn will result in a constant efficiency.
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Figure 8.12: Efficiency and rotational velocity versus propeller diameter (2 blades, Power = 40 kW, Flight velocity = 46 m/s).

So, overall, in thedecisionon the configurationof thepropeller one should account for the influencesof thedesign
parameters described above. This single propeller analysis can now be used for the CRP setup.
8.5.3. Contra-Rotating Propeller Analysis
The actual design of the aircraft will feature a CRP. Therefore it should be investigated whether the propeller
design parameters will have the same influence on a CRP as on a single propeller as described in Section 8.5.2.
The analysis for the CRP setup was also performed in CROTOR. This tool is able to approximate the effects of a
contra-rotating propeller by first analysing the forward propeller and calculating its far-downstream slipstream
velocity components. These components are then added to the free-stream velocity and used as an input for the
aft propeller. The slipstream output from the aft propeller can then be used again as an input for the forward
propeller. This process is iterated until a certain threshold is approached.
TheCPRanalysiswasperformedonasetupwith two fixedpitchpropellers asdescribed inSection8.5.2. However,
the number of blades per propeller could vary. The diameter of both propellers is equal and set to 2 meters. The
atmospheric conditions were set to the ISA-standard atmosphere at an altitude of 1000meters and the Reynolds
number was set to 1⋅10኿. The flight velocity [m/s] and input power [W] are kept as variables. Next to that the
rotational velocities of the propellers were not synced for noise considerations, this will be further explained in
Section 8.5.6.
The influenceof thenumber of blades for the forwardandaft propeller canbe seen in Figure 8.13a,whichdisplays
the efficiencywith respect to the advance ratio of the average rotational speed of both propellers for a total power
of 80 kW. This efficiency curve is created for three propeller setups displayed in the legend above the figure, as an
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example: 3 Aft 3 Fwd describes a CRP setup of a 3 blade aft propeller and a 3 blade forward propeller. The same
relation as for a single propeller can be concluded, namely that increasing the number of blades will decrease the
efficiency.
FromFigure 8.13b, which displays the efficiency curves of the aft and forward propeller for a 2x2 setup at a power
setting of 80 kW, it can be concluded that due to the extra rotation of the flow coming into the aft propeller it will
have a slightly higher overall efficiency. Next to that the rotational velocity of the aft propeller is slightly lower,
which can be seen in the fact that the 𝑥-values (advance ratio) do not line up.
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Figure 8.13: Efficiency versus advance ratio (Power = 80 kW).

Regarding the rotational velocity, the same principle holds for a CRP setup with respect to a single propeller. Fig-
ure 8.14adisplays the rotational speedof the aft propeller for a total power setting of 80 kW. From this figure it can
again be noticed that the rotational speed of a 3x3 configuration is lower compared to a 2x2 configuration while
maintaining the same thrust, see Figure 8.14b. Which is beneficial for the noise of a single propeller, however, the
interaction between the two propellers should also be investigated as the turbulent flow coming from the forward
propeller will most likely be amplified by the back propeller. More on this will be discussed in Section 8.5.6.
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Figure 8.14: Rotational velocity and thrust versus flight velocity (Power = 80 kW).

So all in all it can be concluded that the same design parameter influence is present for a CRP setup in comparison
toa singlepropeller setup. And that thusa compromise in thenumberof blades, desiredRPManddiameter should
bemade.
8.5.4. Limitations CROTOR
For then analyses performed in the above sections CROTOR v755es1.3was used. CROTOR is an extension based
onXROTORv7.55c [46], CROTORnamely automates the process of extracting and inputting for the velocity fields
of the aft and forward propellers in a CRP setup. Next to that it adds an input interface for designing CRP setups.
As CROTOR is based on XROTOR, basically the functionalities of XROTOR were used for the single propeller
analysis, described above in Section 8.5.2. XROTOR uses a propeller lifting line theory to calculate the perfor-
manceparameters of thepropeller. To calculate the inducedvelocities and induced losses thegraded-momentum
method was used for the analysis described above. This method is applicable for advance ratios, 𝐽, up to 0.5𝜋
[47]. As can be seen in for example Figure 8.10 the advance ratio is well below this threshold.
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For the contra-rotating propeller calculation it should be noted that CROTORmakes an approximation, as for the
analysis the far-downstream velocity field of the forward propeller is taken as an input for the aft propeller. This
will introduce a significant error as the aft propeller is most likely very close to the forward propeller, so not in
the far-downstream velocity field. To correct for this XROTOR (and CROTOR) uses standard velocity weights,
however, theseweightswill only correct slightly as theweightswill most likely differ per propeller type. Therefore
experiments will have to be conducted to find these weights.
A noticeable shortcoming of CROTOR in the analysis of a CRP was observed, in this analysis it was noticed that
the efficiency of a CRP compared to a single propeller was slightly lower. However, literature [48] shows that
the efficiency of the same propeller should increase when converting from a single propeller to a CRP, hence the
decision of using a CRP in the Dragonfly.
In the end, it can be concluded that CROTOR is very useful for the initial estimation of the propeller parameters,
however, more research is required to fully improve the design of contra-rotating propellers. As CROTOR is only
able to approximate the interactions between the two propellers in a CRP.
8.5.5. Final Propeller Design Conclusion
As mentioned before a compromise has to be found between high efficiency by a low number of blades and low
noise by a lower RPM and smaller diameter (whichwill lead to a higher number of blades). Therefore, the conclu-
sion from the CROTOR analysis is that the Dragonfly trainer aircraft will fly with a 2x3 CRP (2 blade front propeller
and 3 blade rear propeller), this will make it easier to play with RPM setting and diameter during testing as a 3
blade propeller can have a smaller diameter than a 2 blade propeller for an equal amount of thrust and therefore
there will be a larger range in which the rear propeller will lay inside the slipstream of the front propeller. This
configuration is, however, subject to change after testing described in the next section.
With this configuration the propeller diameter could be determined, for now it is assumed that both propellerswill
feature the same diameter, which is an assumption as most likely the aft propeller will feature a smaller diameter
to stay in the slipstreamof the front propellermore on this in Section 8.5.6. Thediameterwas calculated basedon
the critical required thrust, which is calculated by dividing the required power, calculated in Section 8.4.1, by the
true airspeed. It was concluded that the critical thrust would be equal to 1.5 kN at an altitude of 1700m (highest
airport from which the aircraft should be able to take-off) for an airspeed of 26.46 m/s, which is equal to the
take-off speed at that altitude. As specified in Section 8.4.1 the available take-off power is equal to 67 kW, using
this as an input variable for Crotorwill result in a required diameter of 1.4m for the 1500Nof thrust. However, the
rotational velocity of the propellers will in that case be equal to approximately 3000 RPM. As the noise produced
by the propeller should be taken into account a solutionwas foundby increasing the diameter to 1.8meterswhich
would result in a rotational velocity of only 1850 RMP for both propellers with a required input power of 56 kW,
which is below the available power thus this design is viable. The relatively low RPM value will result in the noise
produced by each individual propeller to be low, however, the interaction between the propellers will have to be
investigated as well, which will be described in Section 8.5.6. For the total weight calculations of the complete
aircraft it was assumed that the propeller mass is equal to 12 kg, based on data from 33.
8.5.6. Test Plan on Fixing Propeller Parameters
This section describes theway the propeller set-up and layout will be finalised during testing post-DSE. First tests
will be performed for scaledmodels in simulated take-off, climb and cruise conditions. These results will be taken
asa startingpoint for tests ona1:1 scale testingprogramme. The configurationof thenumberof blades is already
determined for each propeller: the front propeller has two blades and the rear propeller three blades. To limit
the scope of testing and keep the development costs low, the propellers will be off-the-shelf, in these tests one
wants to determine the distance between the two propellers, the RPM ratios and the diameter & pitch of the rear
propeller to maximise efficiency andminimise noise.
Scaled Testing Set-Up
The scaled testing will take place in a wind tunnel. Here the front propeller will be fixed pitch as this propeller
will receive free-stream air velocity. In the tests however the influence of the suction of the rear propeller on the
front propeller will be examined, if this turns out to have a noticeable influence the pitch might need to change.
In that case the propeller will be substituted with a variable pitch propeller in the end of the testing sequence
describedbelow. The rear propellerwill be variable pitch during the entire durationof the tests as the incomingair
velocity depends on the distance from the front propeller and the RPMof the front propeller. To properly scale the
propellers for testing the advance ratio should be kept constant with respect to the full-scale propellers. During
all tests the noise will be measured in weighted decibels, in addition the frequency spectrumwill be measured as
noise spread out over a larger frequency spectrum will result in lower experienced noise. Furthermore the RPM,
power input and thrust output will be measured for each propeller where the thrust measurement at the back of
33https://whirlwindpropellers.com/aircraft/product/propellers-for-ul260350-engines/, LA: 22-06-2020
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the rear propeller is the thrust generated by the entire propulsion system.
The first scenario tested will be a simulated take-off condition where the free-stream velocity equals zero. The
propellers are both rotating at their maximum RPM and are placed as close as possible to each other where the
pitch of the rear propeller is full fine and both propellers have the same diameter. Then the pitch of the rear
propeller will be increased such that the thrust will remain the same while the RPM is decreased. Then the rear
propeller will be swapped with a new one with the pitch fixed at the position found in the previous test, the same
RPMwill be used and the diameterwill be halved. This is done to ensure the aft propeller is in the slipstreamof the
forward propeller. The distance between the propellers will be increased, by doing this the distance can be found
where the noise is minimised (the noise caused by smaller pressure waves in the slipstream that will be amplified
by the rear propeller) whilst keeping the thrust constant. If andwhen such a distance is found and it is realistic (in
the order of centimetres) the rear propeller will be replaced again, now by a propeller with a diameter as large as
possible, still keeping it in the slipstream of the front propeller. To find the diameter one can use a smoke system
to see where the boundary of the slipstream is. With this increased diameter one has to examine if the thrust
requirement is still met. If it is underpowered the rear propeller has to be placed closer to the front propeller with
an increased diameter that still is in the slipstream. When it is overpowered one can adjust the RPMs of both
propellers to find an RPM ratio where the thrust requirement is met and where the noise is minimised. Now it is
time to look to the influence of the rear propeller on the front propeller. The efficiency of the front propeller is
measured with and without the rear propeller, if there is a noticeable difference the front propeller pitch could be
changed to compensate for the influence of the rear propeller.
After this first series of tests, one repeats it at least three times, this time with a frontal velocity which simulates
cruising conditions (simulate both cruise at cruise power and cruise climb with maximum power) and maximum
speed conditions. The results of these tests will lead to different diameters of the rear propeller if the distance
between the propellers would be the same as in the first test series, as the slipstream contraction depends on the
velocity difference of the slipstream with respect to the free stream velocity as one can see in Figure 8.15. This
figure is based on a report byNASA [41]. As therewas no visualisation of the slipstream contraction, the formulas
were inserted intopython tomakeFigure 8.15. At all flight velocities shown, take-off power is used. Furthermore,
the RPM ratio differences between the simulated cruise flight and the climb performance might be large as one
can differ the RPMsmore during cruise flight, for example let the RPM of the rear propeller be as high as possible
whilst keeping the RPM of the front propeller as low as possible.

Figure 8.15: Slip stream contraction at different flight velocities

At the end of these test series, one has to determine what to do with respect to efficiency and noise. As shown in
Figure 8.15 the slipstream contraction is different for different flight phases. Most of the time the aircraft will fly in
cruisingconditions. Tomaximisetheefficiencythediameterof therearpropellerwillhavetobe larger thanthebest
performing diameter for take-off conditions, if this is done, the noise at take-off would go up as the rear propeller
will go throughthetipvorticesof the frontpropeller. Preferably this issuewill besolvedbeforegoingto the1:1scale
testing as it ismore expensive to build propellers at full-scale as youwould needmultiplewith different diameters.
Full Scale Testing
The results from the scaled testing will be the starting point for full-scale testing. As a wind tunnel would be too
expensive, two alternatives come into play. The first one is to mount a set-up on a car and drive with this car
at different speeds on a straight track such as a runway. The other way is to mount the set-up onto an existing
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aircraft. This is mostly done for high performance engine testing (jet engines or turboprop engines), therefore
the first option is most suitable, also due to costs.
To reduce costs it should be aimed for to fix the rear propeller diameter before starting the full-scale tests. Hence,
the diameter should be based on the scaled tests. During the full-scale test series the distance between the two
propellers can then be adjusted such that the diameter still fits within the slipstream. This distance should be
a compromise as the slipstream contraction is different for each different flight phase. During these tests the
discovered RPM ratios of the scaled tests should be validated and if necessary adjusted.
The final step would be to test it on the real aircraft during its test flights.
8.5.7. Verification&Validation
For verification of CROTOR some tests were performed. First, it was checked if the Mach number increases from
root to tip like expected, which it does. Then it was investigated if the rear propeller is actually influenced by the
front propeller by runninganalysis on the rear propeller aloneand see if there is a difference (increase in efficiency
etc.), this is the case as canbe seen in e.g. Figure 8.13b. Furthermore, if a smaller diameter is inputted andpower
is kept constant one would expect the RPM to go up. This is proven in Figure 8.12.
Validation of CROTORwill be performed during testing described in Section 8.5.6.
8.5.8. Risks
One of the most hazardous risks is that the noise pollution of the CRP is higher than expected. To reduce the
risk the test plan must be strictly followed to analyse the CRP in more detail and reported on to help in further
research and implementation of CRPs in general aviation. During testing, anti-phasing of the two propellers will
be examined, this will be done by finding the RPM ratio at which the sound is minimised.
Another risk is that testing might become expensive as there is little known about CRPs. By analysing the best
options only and preparing the tests in high detail, unexpected and high costs will be avoided.
Furthermore,during testing itmight turnout that theCRP isnot fully suitable for theDragonflydesigne.g. because
of noise. In that case the engines could be positioned next to each other propelling the propeller shaft by means
of a belt which can be seen in Figure 8.4, this will add the option of removing a propeller and flying with only one.

8.6. Compliance Matrix
Below in Table 8.12 the requirements compliancematrix for the Power & Propulsion requirements can be found.

Table 8.12: Compliance matrix for the propulsion system.

Identifier Requirement Obtained
value

Require-
ment met?

ELTA-CS-
PRO-01

Any electric energy storage device providing electric energy to
an electric engine(s), shall be designed and constructed so as
to provide the required energy for the electric engine(s) of the
Electric/Hybrid propulsion system at all times during the flight in
order to provide the rated powers that ensure safe operations.

* !

ELTA-PRO-
02

Themotor shall be able to provide themaximumpower loading of
0.121 N/W.

0.121
N/W

!

ELTA-PRO-
03

The battery and engine temperatures shall be displayed. * !

ELTA-PRO-
04

The engine computer shall calculate the current reserve on board. * !

ELTA-BAT-
05

The battery shall not exceed the maximum current and voltage
levels specified by themanufacturer.

400 V !

ELTA-BAT-
06

The battery cell type for the battery pack shall be rechargeable. * !

ELTA-MAR-
12

The endurance of the aircraft shall be 2 hours, when flying with
maximum payload.

2.5 hrs. !

ELTA-MAR-
14

The recharge time of the aircraft shall be 40minutes. 1.9 hrs. %

ELTA-MAR-
17-01

The aircraft range shall be 250 km, when flying solo. 310 km !

ELTA-MAR-
20

The aircraft shall be rechargeable with currently available
technology.

* !

ELTA-MAR-
21

30 minutes of flight time endurance shall be added to the
endurance of the aircraft, as reserve

30min. !

85



9
Training Enhancement and Cockpit De-
sign
This chapter describes the design of the training enhancement package, as well as the cockpit layout. It begins
with theperformedmarket analysis inSection9.1 to findoutwhat the current training capabilities are. Thereafter,
a functional analysis is performed in Section 9.3 and the requirements that followed from this analysis are listed in
Section 9.3. The primary research thatwas conducted is discussed in Section 9.4. Next, the design of the in-flight
segment (Section 9.5) and the ground segment (Section 9.6) of the TE package is explained. With this in mind,
the cockpit layout was generated, as shown in Section 9.7. After this, the risks and verification and validation
strategies are described in Section 9.8 and Section 9.9 respectively. Thereafter the benefits of having electric
propulsion for the training enhancement are given in Section 9.10. Nearing the end of the chapter the training
effectiveness is quantified in Section 9.11 and the cost benefits are given in Section 9.12. The chapter concludes
with further recommendations in Section 9.13.

9.1.Market Research
Beforeany researchon theTE itemscouldbeperformed, itwasvital toperformamarket research inorder todeter-
mine the current training capabilities of both the in-aircraft segment aswell as the flight simulators on theground.
9.1.1. In-Aircraft Segment
In order to ease piloting, many devices exist which could potentially be used for training enhancement. For ex-
ample a portable HUD can be used in order to display altitude, a virtual horizon and other items with the use of
an iPad and app onto the windshield. At a cost of around $2,000 and a mass of around 1kg 1, it is a reasonable
addition to the cockpit. More expensive options also exist, which have more features such as enhanced runway
vision and are not simply amirror of a smartphone or tablet screen. However, at a cost upwards of $25,000, these
are not considered for the Dragonfly TE package.
Adding a primary flight display (PFD) adds a digital screen on which navigation, traffic and other items can be
displayed. Their sizes and prices vary from single-instrument-slot PFD’s for around $3,000 to larger PFD’s such
as the Garmin G1000, which costs up to $425,000 to retrofit 2.
Themarket analysis shows that even though at themoment a significant amount of GA aircraft are equippedwith
anautopilot, thepilots still strugglewith operating it, either in the sense that they rely toomuchon this technology
and sequentially their manual flying skills deteriorate or in the sense that they are reluctant to use it, ending up
just ignoring it [49]. It is important to have an autopilot on-board and a training procedure that allows gaining
the necessary skill to operate the autopilot safely and efficiently, as this can reduce the workload during critical
phases of flight significantly [50].
A critical part of the training consists of debriefing theperformed flight. Themajority of the lightGAaircraft arenot
required to carry a flight data recorder [51] which could have an added value to this debriefing. Several types of
debriefing software suchasCloudAhoy3, andCEFAAMS4 havebeennewly introducedon themarket however and
canbeused in conjunctionwith flight data retrieving technology for immediate after-flight debriefingprocedures.
Regarding the training of extreme/emergency situations, this is usually performed using scenario based training
(SBT). Some scenarios may be trained in the aircraft under the close supervision of the instructor (stall recovery,
engine failure, cross-wind landing etc.) but the training of most extreme situations is preferably performed in
a safe environment: the flight simulator. However, it is apparent that certain situations, such as a near-miss,
are insufficiently trained with a simulator alone, as the level of realism of the actual situation may not be entirely
mimicked and the pilots do not feel the same level of risk/adrenaline as in reality. As a solution for this, NASA has
recently introduced on the market the Fused Reality concept5. This is however not widely used for training in GA
at themoment. Furthermore, the use of a VR headset during flight implies that an instructor needs to be present
on board as at least one flight crewmember should have visuals with the outside during VFR flight training.
1URL https://epicoptix.com/epic-eagle/, LA 11-05-2020
2URL https://www.flyingmag.com/avionics-retrofits/, LA 11-05-2020
3URL https://www.cloudahoy.com/, LA 11-05-2020
4URL https://www.cefa-aviation.com/ams/, LA 11-05-2020
5URL https://www.nasa.gov/centers/armstrong/features/fused_reality.html, LA 11-05-2020
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9.1.2. Ground Segment
Currently flight schools use varying levels of flight simulators for training, which sparks debates on which one is
suited forwhich level of training. While somepeople argue that amotion base is not required for ab initio training,
others value the added training effectiveness [52]. Prices for flight simulators can range fromaround$1,500 for a
simple at-home simulator, to upwards of $20million for a full flight simulator (FFS), certified at level D.Most larger
flight schools that do operate flight simulators operate either reconfigurable training devices (RTD), for around
$50,000 or an (entry-level) advanced aviation training device for as low as $90,000 [53].
A new type of flight simulator was introduced by the US Air Force in April 2019, through the Pilot Training Next
program. This simulator consists of a VR headset in conjunction with artificial intelligence and advanced biomet-
rics [54]. Even though it is not used on a large scale on the market at the moment, this compact simulator has a
lot of business potential due to its relatively low price (around $8,000-$10,000 per unit [55] 6) and high level of
realism that would allow for more efficient and affordable training for the GA pilots.
According to [56], in 2002, 87% of pilots receiving their PPL had never been trained in a simulator. Even though
the percentage of pilots being trained on simulators ought to be higher today, there is still a large gap in the use
of flight simulators to not only enhance training effectiveness, but make flight trainingmore financially viable.

9.2. Functional Analysis
Inorder to extract theTEpackage requirements, first, amarket analysis into current training capabilities hasbeen
performed, researching the technology/methods currently used to train pilots in very light aircraft. After this, the
mainfunctionsfromtheFFDfoundinAppendixArelatedtothetrainingenhancementhavebeenidentified,namely:
� Setup training routine;
� Perform flight training routine;
� Perform flight training program checklist;
� Perform trainingmanoeuvres;
� Perform take-off/train take-off;
� Perform landing/train landing;
� Receive flight training feedback.

Then, specific functions of the TE package have been derived. The identifier of each function mentioned inside
the round brackets corresponds to the identifier used in the FBS [1]. It is important to note that the following
items, starting with ELTA-FUN are not requirements, but are functions. First, the top level function:
� ELTA-FUN-TE-01 (A.3) - Enhance training effectiveness.

Followed by additional functions:
� ELTA-FUN-TE-02 (A.3.1) - Improve accessibility to the daily training routine. This function comes from

the need of improving the efficiency of presenting the studentwith the training routine. As of now, students
usually have the training routine written on paper. The training experience will be enhanced by decreasing
the amount of time needed for the student to be informed about the training routine, as well as improving
focus as the student will not have to carry and search through a thick training syllabus. Furthermore, this
will be favourable for the flight school in terms of sustainability aswell as cost effectiveness, eliminating the
need to use paper and ink;

� ELTA-FUN-TE-03 (A.3.2) - Improve checklist procedures. As of now, checklist procedures may be time
consuming. In addition to this, paper checklist are currently used. By digitising the checklist procedure,
the training experience will be improved by decreasing the time needed to complete the checklists, as well
as the reliability of the procedure. Furthermore, it is positive from a sustainability and cost effectiveness
perspective, as paper and ink will not be needed for this task;

� ELTA-FUN-TE-04 (A.3.3) - Improve manoeuvre training. The effectiveness of the training procedure of
the different manoeuvres performed both on ground and in-flight needs to be increased by the addition of
the TE systems on-board the aircraft;

� ELTA-FUN-TE-05 (A.3.4) - Improve the assistance given to the students during flight, by means of
autonomous flying technology. As of now, autonomous flying technology is usually not implemented in
very light trainer aircraft. The addition of various levels of autonomous flying technology will improve
the training experience, by increasing the overall safety of the process and providing the student with the
possibility to raise or lower the level of difficulty of the training. Furthermore, this is profitable for the flight
schoolsbecause itmayallowthe instructor to remainorgroundand trainmultiple studentsat thesametime;

� ELTA-FUN-TE-06 (A.3.5) - Improve debriefing procedure. One of the crucial parts of the training rou-
tine is the debriefing procedure. By improving the complexity and the quality of the feedback received by

6URLhttps://www.airforcemag.com/usaf-brings-pilot-training-next-to-regular-training-in-experimental-curriculum/
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the students, the training process is enhanced, as the students/instructor may observe and correct certain
mistakes faster;

� ELTA-FUN-TE-07 (A.3.6) - Improve training possibilities on the ground, outside of the aircraft. The part
of training that occurs outside of the aircraft may be further improved, by offering the students means of
gaining more realistic and cost effective experience compared to the standard practise. Furthermore, by
limiting the amount of hours needed on board the aircraft to complete training, the flight school may train
more student at the same time;

� ELTA-FUN-TE-08 (A.3.7) - Improve the procedure of training emergency situations. Some extreme sit-
uations, such as near-miss, are usually difficult to train in such a way that it would provide the student with
thenecessary set of skills and level of experience tobeable to handle them. TheTEpackageaims toprovide
solutions for this problem;

� ELTA-FUN-TE-09 (A.3.8) -Improve visualisation of instantaneous flight information. One of the goals of
the TE package is tomake flight information easily available to the pilot, for example by displaying relevant
information right in front of their eyes, without distracting them. This will improve the effectiveness of
training in terms of decreasing the amount of time needed for the pilot to identify the relevant information
on themany different instruments inside the cockpit.

9.3. Requirements
Having identified themain functions that have to be fulfilled by theTEpackage, the functional requirements could
be extracted. Some of the very detailed requirements have been omitted from this section but can be found in
[2]. First, the top level functional requirement:
� ELTA-TE-01 The TE package shall increase the training effectiveness of the system in comparison to

existing training solutions. Related to ELTA-FUN-TE-01. This is themain purpose of the TE package. In the
following weeks, a method of measuring (the increase in) effectiveness will be developed.

Followed by additional functional requirements:
� ELTA-TE-01-01 - The TE package shall provide the option of simulating different weight, wind and

weather conditions during flight. Related toELTA-FUN-TE-01. With an electrical power source, it is easy
to control the amount of power delivered at all times. This enables the possibility of simulating a different
weight, wind and weather condition so that the student may benefit from gaining experience in a larger
range of situations;

� ELTA-TE-01-02 - The TE package shall provide means of tracking the student’s stress level. Related to
ELTA-FUN-TE-01. The level of stress of the student is related to the level of confidence of the student in
a certain manoeuvre/skill. Monitoring the stress level could provide useful insights into the skill level of the
student, and can also be used to notify the instructor when the students is too overwhelmed to perform a
certain manoeuvre/recover from a dangerous situation;

� ELTA-TE-01-03 - The TE package shall provide the possibility of simulating a different aircraft than the
one the student is flying in, during flight. Related to ELTA-FUN-TE-01. The student will benefit from
gaining experience with regards to flying a different, bigger aircraft by inputting design parameters of said
aircraft. Furthermore, this is attractive for the flight schools as it eliminates the need of purchasingmultiple
models of aircraft;

� ELTA-TE-01-04 - The TE package shall provide the option to switch off all the enhanced training tech-
nology. Related toELTA-FUN-TE-01. It is important for the pilot to be able to switch off all the TE systems
if any of the system is impeding his training experience, if a fault in the systemwas observed or simply if the
pilot wants to fly the aircraft fully manually;

� ELTA-TE-02 - The TE package shall improve accessibility to the daily training routine. Related to ELTA-
FUN-TE-02. Thiswill increase the effectiveness of the training process in the sense that all the information
needed for the student about the training routinewill beeasily accessible to them, asopposed to the student
having to manually prepare and keep track of the flight routine;

� ELTA-TE-02-01 -The TE package shall display the lesson’s learning objectives and schedule on a screen
inside the cockpit. Related to ELTA-FUN-TE-02. In this way, the student will be provided with a clear
overview of the lesson at the beginning of it, knowing exactly what their goals are for the day, which may
help in better mentally preparing the student for the session;

� ELTA-TE-03 - The TE package shall improve checklist procedures. Related to ELTA-FUN-TE-03. The ex-
istent checklist procedures may be time consuming and due to the human factor they may sometimes be
unreliable, thus they need to be improved;

� ELTA-TE-03-01 - The TE package shall include a digital version of all checklists. Related to ELTA-FUN-
TE-03. Havingadigitalversionofeachchecklistwillmakethechecklistproceduremoreefficient in thesense
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that, the student won’t need tomanually check off each action on a piece of paper, costing time andmoney
for the flight school. Instead, the student could for example easily check each task by touching a screen or
by focusing on the task and just vocally inform the on-board computer that the action has been completed;

� ELTA-TE-04 - The TE package shall improve manoeuvre training. Related to ELTA-FUN-TE-04. An im-
portant part of flight training consists of learninghow toperformcertainmanoeuvres. Thus, theTEpackage
shall offer ways of improving this process;

� ELTA-TE-04-01 - The TE package shall announce the next manoeuvre to be performed by the student.
Related to ELTA-FUN-TE-04. The student will benefit from having the next manoeuvre announced to
them by not needing to check the training routine manually each time a manoeuvre is scheduled. This
would improve effectiveness by saving time and also avoiding the loss of focus;

� ELTA-TE-04-02 - The TE package shall display the steps of the manoeuvre that is being performed.
Related toELTA-FUN-TE-04. Byhaving the steps of themanoeuvredisplayed right in front of the student,
their level of confidence to perform the certain manoeuvre would be improved. Furthermore, seeing the
steps multiple times would help in memorising them and in building a habit of correctly performing the
manoeuvre in the future;

� ELTA-TE-04-03 - The TE package shall warn the student when they make a mistake. Related to ELTA-
FUN-TE-04. It is highly important for the student (as well as the instructor) to be notified when amistake
has been made in performing a certain action. By receiving a warning when this happens, the student will
learn to avoid themistake in the future, while the instructor will be able to easily identify the weak points in
the student’s training routine and thus guide themmore efficiently;

� ELTA-TE-05 - The TE package shall provide assistance to the students, by means of autonomous flying
technology. Related to ELTA-FUN-TE-05. Especially in the beginning of the training process, it is ben-
eficial for the students to have assistance, in terms of having the autopilot/instructor perform some of the
tasks/instruct how to correctly perform certain tasks;

� ELTA-TE-05-01 - The TE package shall provide flexible levels of autonomy. Related to ELTA-FUN-TE-
05. The student will have the possibility to decrease the level of autonomy of the aircraft in order to raise
the level of difficulty and to aid in solidifying their skills;

� ELTA-TE-06 - The TE package shall improve debriefing procedure. Related to ELTA-FUN-TE-06. Im-
proving the debriefing procedure will enhance the post-flight learning experience of the student;

� ELTA-TE-06-01 - The TE package shall provide the possibility to record audio/video/flight data. Related
to ELTA-FUN-TE-06. In order to improve the learning effectiveness, it is important that the student has
the possibility to review their flight, and video and audio recordings are good means of doing this, as the
student has the opportunity to comprehend their exact mistakes;

� ELTA-TE-07 - The TE package shall improve training possibilities on the ground, outside of the aircraft.
Related to ELTA-FUN-TE-07. By limiting the time spent in the air in a real plane, the business case is
improved for a flight school, as they can charge similar rates for training in a simulator but without the cost
of operating the aircraft;

� ELTA-TE-07-01 - The TE package shall include a flight simulator capable of simulating the aircraft, in-
cluding the TE systems on board. Related to ELTA-FUN-TE-07. A flight simulator allows the training
effectiveness to be enhanced greatly, as certain manoeuvres such as crosswind landings can be trained at
a higher frequency than in a real aircraft and it is relatively cheap to operate;

� ELTA-TE-08 - The TE package shall improve the procedure of training emergency situations. Related to
ELTA-FUN-TE-08. The importance of training emergency situations is obvious. The more routine a pilot
has when reacting to an emergency situation, the better theywill handle the situation, possibly saving lives
in the process;

� ELTA-TE-08-01 - The TE package shall provide the possibility to train stall-recovering manoeuvres. Re-
lated toELTA-FUN-TE-08. Trainingstall recovery, both in theplaneand the simulator, is crucial for training
the pilot’s response to this incident;

� ELTA-TE-08-02 - The TE package shall provide the possibility to train flying/landing with inoperative
power source, in flight. Related to ELTA-FUN-TE-08. It is important for a pilot to have experience in
operating and landing aplane evenwhen there is nopower available, so that thepilot is prepared in the case
that this emergency occurs;

� ELTA-TE-08-03 - The TE package shall provide the possibility to train a near-miss of another aircraft, in
flight. Related toELTA-FUN-TE-08. Perhaps in the simulator orwithVR technology, it shall be possible for
the pilot to experience a near-miss, so that the they can learn how to react in this situation and potentially
save lives in the future;

� ELTA-TE-09 - The TE package shall improve visualisation of instantaneous flight information. Related to
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ELTA-FUN-TE-09. The flight visualisation can be improved by means of a glass cockpit, or in addition a
HUD to display the flight information in front of the pilot’s eyes instead of lower down in the cockpit;

� ELTA-TE-09-01 - The TE package shall provide the student with near-instantaneous flight information
on the TE systems. Related to ELTA-FUN-TE-09. If the TE systems are in use, it is important to ensure
that the flight information displayed on them is near-instantaneous, in order to ensure the safety of the pilot
and passengers.

Lastly, from various constraints, non-functional requirements have been formulated:
� ELTA-TE-NF-01 - The TE package shall not limit the view of the pilot when not in use. This requirement

results fromaspaceconstraint in the cockpit, aswell as a constraint on thequality of the trainingexperience,
from the pilot’s perspective: the TE packagemounted on-board should not limit the training experience;

� ELTA-TE-NF-02 - The on-board TE package shall fit within the aircraft’s structure. This is a structural
constraint. The TE systems on board need to be placed inside the aircraft in such a way that they do not
negatively affect the performance of other subsystems;

� ELTA-TE-NF-03 - The TE package shall have access to all the aircraft’s flight data. This results from an
operational constraint of the TE systems. These systems need to have access to the real flight data in order
to be able to display it, process it, give the pilot the option to change certain flight parameters;

� ELTA-TE-NF-04 -The TE package shall draw power from no other source than the main power source of
the aircraft. This results froma constraint related to power. TheTEpackageneeds to receive power directly
from the power source of the aircraft, in order to be utilised;

� ELTA-TE-NF-05 - The TE package shall be developed by 10 students in 10 weeks. This results from a
time, scheduling and human resources constraint.

9.4. Primary Research
In order to gather primary data on the TE package as well as the electrical aircraft, a questionnaire was created.
Thegoal of this questionnairewas todeterminewhat (student) pilots think couldbe improvedabout flight training
and to find out about the acceptance of electrical aircraft.
9.4.1. Questionnaire
The questionnaire was distributed to the aerospace BSc students of the TU Delft, in the teammember’s personal
surroundings as well as in several pilot forums for VFR and IFR pilots. In total, 118 responses were submitted
through the Google form.
Thequestionnairewassetupas follows. The first sectionanalysed thedemographicsof theparticipants, including
their age, the type of pilot’s license they have received, how long they have had their certification and finally how
many hours they fly permonth. This allows for an analysis of the opinions of different age groups or different pilot
license types, for example whether airline transport pilots have different opinions than private pilots.
The following section included an open question on whether and if so, how flight training could be improved. It
was made an open question in order to get all the ideas from the pilots before they were pre-occupied with the
ideas of the TE package.
Subsequently, opinionson theusefulnessofTE itemsweregathered. Theparticipants could select ona scale from
1 (not useful at all) to 5 (very useful) their view on AR glasses, autopilot, debrief software, ballistic parachute, fit-
ness band, virtual CFI,modular cockpits and theuseof simulators. Parts of these results of thesewill be explained
in detail in Section 9.5.
In the next section, a simple selection question was added, asking which type of flight simulator participants
thought were themost useful for initial flight training, when taking into account both cost per hour and perceived
training effectiveness. The options were the VR simulator at 35$/hr, a fixed base FTD at 75$/hr and finally the
Redbird MCXwith 3 axis motion at 100$/hr.
The final part of the questionnaire was used for market research. First, participants were asked what is most
important to them regarding a trainer aircraft, followed by the question whether they would buy/fly an electrical
aircraft in the near future. Finally, based on their answer to this question, they were asked why they answered
with yes or no in order to gather information on the acceptance of electrical aircraft and the perceived downsides
to potential customers.
9.4.2. Results
The demographics of the participants are as follows. Of the 118 partakers, 52%were PPL and IFR pilots (44.6%
PPL, 7.4% IFR). In total, ca. 35% of contributors were commercial pilots, flight instructors or airline transport
pilots. These are regarded as the pilots whose profession is flying, or they earn at least an amount of money
through aviation. Some 10%of the participants were student pilots and the final 5%were glider and sport pilots.
There was a large spread in how long participants had had their license for. 34.7% of the participants had had
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their license for more than 10 years. The other data from this question can be found in Figure 9.1.

Figure 9.1: ”How long has it been since you received your first flight certification?”, 118 responses

The age distribution was very similar to the duration since first certification. For the categories of 16-21 years,
22-25 years, 26-20 years, 31-40 years, 41-50 years and >50 years, the results were as follows. Respectively, the
percentages of age groups were: 11.9%, 11.9%, 11.9%, 11.9%, 16.1% and 37.3%.
The results of the question ”Howmany hours do you fly per month?” can be seen in Figure 9.2

Figure 9.2: ”How many hours do you fly per month?”, 118 responses

Most people who have a PPL seem to fly just enough to stay current, which typically requires 12hrs/yr in the year
before the license expires. Everyone who selected that they fly 25+ hours per month were flight instructors,
commercial pilots or airline pilots.
The answers to the open question, as seen in Figure 9.3 regarding the improvement of flight training were very
varied. There were however several topics which stood out as they were mentioned many times. Of the 118
responses, 82 people answered this question, as it was not a mandatory question. The most mentioned im-
provement - which wasmentioned by 10 people - is a flight data, voice and video recorder, which can be used for
debriefing,mentionedby8people. An increase in theuseof simulatorswasmentionedby9people. Furthermore,
8 peoplementioned an improved ground training, for example using videos, or by improved practice, for example
the use of chair flying. Five more responses related to an improved (forgiving) handling of the aircraft. Several
participants also mentioned the integration of upset prevention and recovery training.
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Figure 9.3: ”How do you think flight training effectiveness can be
improved? Think about certain items you may want to add to a trainer aircraft in order to make flight training more efficient”, 82 responses

Following the open question, the participants were asked to share their opinion on several proposed TE items.
The results of this are summarised in Table 9.1.

Table 9.1: Perceived usefulness of TE items on a scale of 1-5, 118 responses

Item AR
Glasses Autpilot Debrief

Software
Ballistic
Parachute

Fitness
Band

Virtual
CFI

Modular
Cockpit

Flight
Simulator

Mean 2.97 2.60 4.38 2.84 2.94 2.73 3.31 4.28
STDV 1.35 1.36 0.85 1.40 1.20 1.33 1.29 0.92

The items with by far the highest perceived usefulness, i.e. those with the highest average, were the debrief
software and the simulator. They both received an average score of above 4,with the smallest standard deviation
(STDV) of 0.85 and0.92 respectively. The third best itemaccording to potential customers is themodular cockpit,
with an average of 3.31 and a STDV of 1.29. The item that was perceived as least useful was the autopilot, with
an average score of 2.6. It should be noted however that the results for this item have a high STDV of 1.36, which
shows that many people thought it was useful, but many thought it was not.
The question on the flight simulator and which one is perceived as most useful yielded an interesting result.
Against the team’s expectations, the three simulator types were considered best by an almost equal amount of
people. The exact numbers can be seen in Figure 9.4. The green additional small pie slice comes from an error in
the google form, it belongs with the blue virtual reality simulator slice.

Figure 9.4: ”Which type of flight simulator
do you think is the best for initial flight training, while accounting for both the cost and added training effectiveness?”, 118 responses

9.5. In-flight Segment
This section describes the steps taken during the design phase of the in-flight segment of the TE package. First
an overview of the previous phase of the design is presented in Section 9.5.1. Then the detailed design phase is
delved into in Section 9.5.2. Here the items included in the final proposed in-flight TE package will be discussed.
It is important to note that the design on the Dragonfly is geared mostly towards larger flight schools who aim
to educate pilots for flying careers and therefore include many items to prepare them for the operation of larger,
more complex aircraft than the Dragonfly.
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9.5.1.Midterm Phase
In the previous design phase five different concepts have been proposed for the in-flight training enhancement
package. An overview of the items that are included in each concept, the estimated mass and cost of each indi-
vidual item, aswell as the totalmass and cost of each conceptmay be found in Table 9.2. A 10%margin has been
added to the total mass and cost of the five concepts for contingencymanagement.

Table 9.2: Concepts for TE package.

Item Weight (kg) Cost (US$) Conc. 1 Conc. 2 Conc. 3 Conc. 4 Conc. 5
AR Glasses 7 0.14 1,140 X X
AR Glasses w/
eye tracker

8 0.15 3,000 X X

Autopilot 9 4 2,500 X X
Ballistic Parachute 10 11 21.7 6,900 X
Fitness Band 12 0.05 100 X
Glass Cockpit 13 10 6,490 X X X X
Virtual CFI N/A 500 X X X X
Removable
Instructor
Seat

1 500 X X X X X

Fly-by-wire 20 5,000 X
Simulate Different
Wind&Weather N/A N/A X
Simulate other
aircraft N/A N/A X
Portable Instrument Panel 5 8,000 X
Camera&Voice
recording 14 15 0.4 300 X X X X X
Flight Data
recording
option (SD card) 16

0.01 40 X X X X

iPad/Tablet 17 0.5 330 X X
Debrief software 18 N/A 150 X X X X
Total Mass (kg) 12.05 40.56 37.3 11.41 2.05
Total Cost (US$) 9,450 26,480 18,620 7,980 4,130
Total Mass+10% (kg) 13.26 44.62 41.03 12.55 2.26
Total Cost+10% (US$) 10,395 29,128 20,482 8,778 4,543

The items that are displayed in Table 9.2 have been each selected in such a way as to fulfil at least one of the
functionsmentioned in Section 9.2. Havingdecidedupon the combination of items thatwould be included in each
concept,atrade-offbetweenthefiveproposedTEpackagescouldbeperformed,asseenin9.3. Theweightofeach
technical performancemeasurementhasbeenobtainedwith theuseof theQualityFunctionDeploymentmethod.
The customer demands for the in-flight TE package that have been included in the QFD are: that it shall increase
the training effectiveness, that it shall be light-weight and cost-effective, and that it shall be safe to operate. The
weightofeachtrade-offcriterionhasbeencalculatedbyassessingthecorrelationbetweenthecustomerdemands
andtheproposedtechnicalperformancemeasurements. Theaddedtrainingeffectivenesshadthehighestweight,
namely40%,whichwasexpectedas this is themost importantaspectof theTEpackage. Thenexthighestweight,
equal to 20%, was cost. This is also an important factor due to the aircraft cost being limited, with the goal of
optimising this parameter to be as low as possible for the final aircraft. The safety and mass were the next most
important criteria, with a weight of 15% each. Finally, technology readiness - which includes certifiability - had a
weight of 10%. Formore information on theQFDmethod applied for the in-flight TE package, please refer to [1].
7URL: https://www.vuzix.com/Products/AddToCart/163
8URL: https://www.tomsguide.com/us/lumus-dk-50-augmented-reality-glasses,news-22103.html
9URL: https://www.dynonavionics.com/downloads/order_form.pdf
10URL: https://www.galaxysky.cz/grs-6-800-990-sds-175m2-p43-en
11URL: https://www.aviationconsumer.com/safety/brs-parachute-retrofits-a-cost-benefit-analysis/
12URL: https://buy.garmin.com/en-US/US/p/605739
13URL: https://www.dynonavionics.com/skyview-hdx.php
17URL: https://www.apple.com/shop/buy-ipad/ipad-10-2
18URL: https://www.cloudahoy.com/product.php
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Table 9.3: Trade-off for the Five TE Package Concepts

In termsof trainingeffectiveness, concept2wasawardedanexcellent scoreas it implements themostTE features
and is also the only concept that includes the option to simulate other aircraft. On the other hand concept 5 only
implements themost basic training devices and not even a glass cockpit.
The cost and mass rankings quite simply come from the cost and mass estimates as seen at the bottom of Ta-
ble 9.2. Whenever the cost or mass of two concepts were similar, they have been awarded the same score and
were otherwise scaled according to their relative cost or mass.
Thehighest safety ratingwasachievedby concept 3 as it includes aballistic parachutewhich canpossibly save the
life of a student pilot in an emergency situation when flying solo. Concepts 2 and 4 were assigned a score of 3, as
they both include a virtual CFI and stress monitoring measures which may be used to determine when a student
is overwhelmed.
For thecertifiability and technology readiness thesecondconcept scored the lowestas thepossibilityof simulating
another aircraftwhile in-flight has not been certified yet and the technologyneeds extensive further development
until it would be widely used in GA aircraft. Concept 5 is so simple, however, that it is not assumed to create
any certification difficulties. Concept 1 and 4 both have a certifiability rating of 3. Concept 3 has a slightly lower
certifiability, solely due to the implementation of the autopilot.
Thefinalwinnerofthistrade-offwasconcept3. Itshouldbenoted,however, thatthefinalscoreforconcepts2and3
areverysimilar. InordertoobtainthebestTEpackage,aspreviouslystatedin[1],certaincharacteristicsofconcept
2 may be added to concept 3. The most important characteristic that should be implemented is the possibility of
simulating different aircraft with the Dragonfly. Theway in which this will be implementedwill be explained next.
9.5.2. Detailed Design
In this section, the items and technology considered to be included in the final concept of the in-flight TE package
are going to be discussed and analysed. Furthermore, the functionality of each itemwill be addressed.
Mixed Reality Headset
The most unique aspect of the Dragonfly and probably the main selling point is represented by the fact that this
aircraft will have the capability to transform into an in-flight simulator. Thus, it shall be able to simulate different
aircraft, aswell as provide the student pilotswith thepossibility of performing certainmanoeuvres that areusually
trainedonly in a flight simulator (suchas anear-miss). Themost commonandaffordable flight simulators that are
currentlyused for trainingare fixed flight trainingdevices (FTD).Thesedohowevernothave theability to simulate
themotion of an actual aircraft. The certified andhigh fidelity fullmotion flight simulators that are available on the
market are usually very expensive, the cost of some reaching $10million19. The less expensive full motion FTDs
that may be used for general aviation training, such as the Redbird MCX20, are still not affordable for some flight
schools and their visual and haptic quality cannotmatchwhat a pilot experiences during an actual flight scenario.
By transforming the aircraft itself into a flight simulator, the flight schools would save a significant amount of
money (not having to purchase highly expensive flight simulators with limited capabilities), while also offering
their students a tremendously enhanced training experience.
The idea of blending reality and simulation for flight research and training was first implemented by Systems
Technology Incorporated (STI) within the Small Business Innovative Research Phase II agreement with NASA’s
Dryden Flight Research Center21. The system that was developed by STI is called Fused Reality and it was used
by the test pilots at NASA to successfully land on a simulated runway at an altitude of 5000 ft, perform formation
flight, and aerial refuelling exercises with the help of simulated aircraft outside the window [57]. Fused Reality
works in the following way: live video is captured from the pilot’s perspective, sent to a processor that preserves
the live image of the cockpit, while either converting the image of the outside of the cockpit into a completely
19URL: https://www.aviationtoday.com/2019/08/01/training-brain-mind/
20URL: https://simulators.redbirdflight.com/products/mcx#aircraft-configurations
21URL: https://www.nasa.gov/centers/dryden/Features/fused_reality.html
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virtual environment (for example when performing a landing at a higher altitude), or blending certain virtual
objects in the real environment (when training formation flight). The processed visual, which takes into account
the head movement of the pilot, is shown on the their head mounted displayed (HMD) [58]. The main benefit
of the Fused Reality technology, apart from the impressive level of immersiveness provided to the pilot, is the
fact that it reduces the risk of accidents during flight testing/training. For example, if the pilot performs a landing
at high altitude, they will be able to easily recover if they make a mistake. Furthermore, if they do not manage
to correctly recover from a near-miss and they ”collide” with the simulated aircraft, no one will get injured. In
addition to this, Fused Reality allows for significantly less expensive training of manoeuvres which would usually
require the operation of another aircraft. For these reasons, it is desirable to adapt this technology to general
aviation training. In order to achieve this, the main item that shall be implemented in the in-flight TE package of
the Dragonfly is a mixed reality (XR) or augmented reality (AR) headset.
A possible XR headset thatmay be used in order to implement the Fused Reality concept is the Varjo XR-1, shown
in Figure 9.5a. This is the most advanced XR currently available for industrial use22. It has a very high image
resolution, referred to as ”human eye resolution”, which is guaranteed to deliver a high degree of visual realism
for the student pilot. Furthermore, it is equippedwith highly accurate eye tracking technology, whichwould allow
for a significant increase in the effectiveness of each training session, as the instructor would be able to closely
monitor the progress and accuracy of the student’s looking pattern e.g. if they look at the controls as well as
outside in the optimumway and at the correct timeduring the training. In addition to this, this systemhas already
been employed in on-ground flight training23. Another proposed design would be the headset used in the new
generation of the Fused Reality system [59], namely the Oculus Rift24, in combination with a ZED Mini Stereo
Camera 25, shown in Figure 9.5b. However, the visual quality is not as sharp using this headset, when compared
to the Varjo XR-1 and there are no eye tracking capabilities. Another possible headset that may be used is the
Microsoft HoloLens 2, shown in Figure 9.5c, which is an augmented reality HMD, also equipped with eye tracking
technology26. In contrastwith theother twooptions, thisHMD isnotable toportraya (partly) virtual environment,
but only toblendcertain simulatedobjectswithin the reality or display text right in front of theuser’s eyes. The last
option that would be considered for this application is the VIVE Pro Eye27, shown in Figure 9.5d, in combination
with a ZED Mini Stereo Camera. This option has advanced eye tracking and virtual world rendering capabilities
provided by the VIVE Pro Eye, as well as mixed reality rendering capabilities provided by the ZEDMini.

Figure 9.5: AR/VR headsets.

(a) The
Varjo XR-1 Mixed Reality Headset. (b) ZEDMinimounted onOculus Rift [59].

(c) The
Microsoft HoloLens 2 headset. (d) The Vive Pro Eye headset.

An overview of the cost, weight, resolution per eye, possibilities of eye tracking and rendering of AR and VR for
eachheadsetpreviouslymentionedmaybe found inTable9.4. TheoriginalOculusRiftheadset thathasbeenused
for the newgeneration of the FusedReality systemhas been discontinued, thus, the relevant specifications of the
Oculus Rift S have been summarised in the table. Observing Table 9.4, it is clear that the Varjo XR-1 has the best
resolutionandhasbothARandVr renderingpossibilities, aswell as eye tracking capabilities. However, it comesat
ahighcostand it isalsoconsiderablyheavier than theotheroptions. Due to the fact thateye trackingwouldbevery
beneficial in increasing the training effectiveness, as previously described, the combination of the VIVE Pro Eye
headsetwith theZEDMini camera is preferredoverusing theOculusRift Swith theZEDMini camera. This decision
is also supportedby the fact that theirweight is very similar and theprice differencemaybeaccommodatedby the
budget. The Microsoft HoloLens is not capable of using chroma key composting technology (layering two video
streams, for example to simulate a virtual background outside thewindow, as done in the FusedReality concept),
but it can display certain objects/pieces of text right in front of the student pilot’s eyes. Thus, it might be used,
22URL: https://varjo.com/
23URL: https://bit.ly/3gRguHv
24URL: https://www.oculus.com/rift/
25URL: https://www.stereolabs.com/zed-mini/
26URL: https://www.microsoft.com/en-us/hololens/buy
27URL:https://www.vive.com/eu/product/vive-pro-eye/
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for example, to efficiently display certain digital checklists or instructions, in order to decrease the pilot’s reaction
time and, thus, the efficiency of the training. An experiment proving a decrease in pilot’s reaction time to certain
instructions when using the Microsoft HoloLens has already been performed, as explained in [60]. Furthermore,
this is theonly option that doesnot fully obstruct thenormal viewof the student pilot, as its lenses are transparent.

Table 9.4: Overview of the specifications of the AR/VR headsets.

AR/VR Headset Cost [€] Weight [g] Resolution (per eye) Eye
Tracking AR VR

Varjo XR-128 9995 1300
”human eye resolution”

1920x1080 (central focal area)
1440x1600 (peripheral display)

X X X

Oculus Rift S
+ ZEDMini

29 30 802 624 1920x1080 (30 fps) X X
Microsoft
HoloLens 2

31 3097 566 2048 x 1080 X X
VIVE Pro Eye
+ ZEDMini

32 1792 618 1920x1080 (30 fps) X X X

Itwasdecided that theVIVEProEyeheadsetwithamountedZEDmini camerawill beused for the flightswhere the
student is accompanied by the instructor, in order to ensure a sufficient level of safety. When using this set-up, it
will bepossible tosimulatedifferentweatherconditions(suchas rain)-ELTA-TE-01-01, differentaircraftor flight
situations-ELTA-TE-01-03, bymaking use of the chroma key composting (thewindshield/instrument panel will
be lined with coloured tape, which will enable simulating the cockpit of another aircraft or a different environ-
ment outside the windshield, such as a runway at a certain altitude). Furthermore, it will provide the possibility
to safely train a near-miss-ELTA-TE-08-03. In addition to this, it may be efficiently used to improve checklist
procedures-ELTA-TE-03 andELTA-TE-03-01, visualisation of instantaneous flight information-ELTA-TE-09
andELTA-TE-09-01, as well asmanoeuvre training-ELTA-TE-04, ELTA-TE-04-01 andELTA-TE-04-02. It
may also be used to guide the student using Highway-In-The-Sky technology.
ARGlasses
Asopposed to themixed realityheadset, theEpsonMoverioBT-300ARglassesmaybealsousedwhen the student
is flying solo. These glasses will be mainly utilised as an HUD which will guide the student, using the Highway-
In-The-Sky technology, displaying the flight path, the angle of attack, the airspeed etc. Furthermore, certain
checklists and instructionsmaybe displayed using theseARglasses. Thus, theymaybeused to improve checklist
procedures-ELTA-TE-03 andELTA-TE-03-01, visualisation of instantaneous flight information-ELTA-TE-09
and ELTA-TE-09-01, as well as manoeuvre training- ELTA-TE-04, ELTA-TE-04-01 and ELTA-TE-04-02.
Simulated Gear Lever
After completing their PPL, many student pilots will presumably fly a more complex aircraft at a certain point in
their career, one equippedwith a retractable landing gear. As landing is one of themost critical flight phases, and
lowering the landing gear is crucial for a successful, safe landing, it is very important to ensure that the students
are taught how to correctly operate a retractable landing gear from the very beginning of their training. Thismay
be achieved by installing a simulated landing gear lever inside the aircraft, as part of the in-flight TE package. The
simulated lever will be equipped with a warning system that will be triggered if the student forgets to retract the
landing gear after take-off or, more importantly, lower the landing gear before landing. In this way the student
will be able to train their reflex of efficiently operate the retractable landing gear, while also benefiting froma high
level of safety guaranteed by the fixed landing gear of the Dragonfly. Introducing the simulated gear lever will
aid in fulfilling ELTA-TE-01-03, as this is a feature that simulates characteristics of another aircraft.
Simulated Engine Controls
TheDragonfly, beinganelectrical aircraftwouldonlyneedone throttle inorder toadjust thepoweroutput fromthe
engine, and thus control theRPM level of the fixedpropeller. The simplicity of havingonly one engine control knob
would be welcomed in the early stages of flight training. However, one of the most often encountered reasons
for not buying an electrical trainer aircraft, as resulting from the questionnaire and explained in Section 4.7.2, is
that it would not prepare the student pilot to fly a combustion engine propeller aircraft. This problem would be
tackedby includingadditional engine/propeller controls in thecockpit. Combustionengine traineraircraft that are
equipped with a fixed propeller have two knobs or levers: a black one- the throttle, which adjusts the amount of
fuel going to theengines, anda redone- themixture controlwhichmaybeused toadjust theair/fuel ratio, process
28URL: https://store.varjo.com/varjo-xr-1
29URL: https://www.oculus.com/rift-s/?locale=en_US
30URL: https://www.stereolabs.com/zed-mini/
31URL: https://www.microsoft.com/en-us/hololens/hardware
32URL: https://www.vive.com/eu/product/vive-pro-eye/
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also known as leaning. In the case of a variable pitch/constant speed propeller, an extra knob/lever is added: a
blue one- the propeller control. This may be used in order to select the optimum RPM level for a specific flight
phase, in order to maximise the efficiency of the propeller. It acts by adjusting the propeller pitch and regulating
the engine load as needed in order tomaintain the selected RPM constant. In order to obtain the highest increase
in trainingeffectiveness, both a simulatedpropeller control andamixture control knobwill be added to the cockpit
of the aircraft. As the propeller used for the Dragonfly is fixed, the simulated propeller control knob will not have
any direct effect on the performance of the aircraft, being used for instructive purposes only. In combustion
engine fixed propeller aircraft, by pulling the mixture control knob towards you during flight, an increase in the
RPM may be observed until a certain point. After reaching this optimum point, further pulling of the knob will
result in a lower RPM. Complete pulling of the knob results in 0 fuel being fed to the engine, and, thus, an ”engine
failure”. These characteristics may be emulated by the Dragonfly: when the student pulls the knob, an increase
in RPM shall be registered (by possibly connecting themixture knob to the throttle). If the student pulls the knob
excessively, a warning will be triggered. Under close supervision of an instructor, by pulling the mixture knob all
the way, an engine out emergency procedure may be initiated. Adding the two extra engine/propeller control
knobs in the cockpit, the following functions will be fulfilled: ELTA-TE-01-03, as these items aid in simulating
certain characteristics of another aircraft, and ELTA-TE-08, as it would aid in training emergency situations.
Simulated Carburettor Heat Control
Another characteristic of a normal combustion engine that could be implemented for the purpose of enhancing
training effectiveness of the Dragonfly is a simulated carburettor heat control knob. The carburettor is usually
implemented on internal combustion engine aircraft and it is used tomix the air and the fuel in the desired ratio for
combustion. Adangerousphenomenon thatmightultimately lead toengine failure is carburettor icing. Thisevent
might occur at any time during the year, but it is most commonly encountered during cool summer and early au-
tumndays,when thehumidity is highandphenomena suchas rain or hazemight takeplace. The carburettor icing
occurswhen theVenturi effect of air passing through thecarburettor lowers the temperature inside thedevice sig-
nificantly, causingwatervapour to freeze. If the ice layerbuildsupand it isnoteliminated, thismight lead toengine
failure. Thus, inorder tocombatcarburettor icing, it is importantevenforbeginnerstudent tounderstandandgain
experienceoperatingthecarburettorheatknob,whichwill allowheatedair to flowfromtheexhaust into thecarbu-
rettorandmelt the ice. Thesimulatedcarburettorheat controlwill beequippedwith theability to triggerawarning
if the student has not activated it for a certain amount of time, as in general this control shall be used regularly to
prevent the formation of ice. However, as landing is one of themost crucial flight phases and the performance of
the engine shall be optimal during this time, it is highly important that the student gets accustomedwith using the
carburettor heat control knob at least when preparing for landing procedures. Integrating this additional control
knob inside the cockpit of the Dragonfly will serve in fulfilling once againELTA-TE-01-03, as it would simulate a
characteristicofanotheraircraft,andELTA-TE-08,as itwouldaidintraining(avoidanceof)emergencysituations.
Simulated Fuel Pump and Fuel Selector
Tying into the topic of equipping the student pilot with the necessary set of skills that would allow for optimal
and efficient operation of the engine and, thus, of the fuel system of the aircraft that they might fly in the future,
a simulated fuel pump switch and fuel selector instrument will be added to the cockpit. The fuel pump switch
will serve in the process of priming the engine before take-off, which is important to ensure the optimal start of
the engine, especially during cold days. When the pilot primes the engine excessively, it will lead to a flooded
engine that is difficult to start and, eventually, due to fuel residue contamination, it may lead to expensive repairs
of the fuel servo. Furthermore, overpriming is the most common cause of aircraft engine fires encountered on
the ground 33. Thus, it is important to train the students to properly prime the engine of the aircraft since the
beginning. Thisprocessmaybeperformedbyusingacombinationof the fuel pumpswitchand themixturecontrol
knob. A warning shall be triggered if the student has overprimed the engine.
Furthermore, it is important to teach the beginner student pilots how to operate the fuel selector. Thus, an
instrument that will be equipped with four settings: right, left, both and off will be implemented in the cockpit
of the Dragonfly. Most pilots usually use the ”both” option. However, in some combustion engine aircraft, it is
advised to only use one fuel tank at a time after reaching a certain altitude (5000 ft for the Cessna 172 [61]), as
otherwise power irregularities, ultimately resulting in engine failure, may arise. These irregularities occur due to
the accumulation of fuel vapours, as a result of high fuel temperature, operating altitude as well as low fuel rate
in the tank [61]. Furthermore, by switching between the left and right fuel tank, pilots may balance the fuel load
in such a way that the banking moment is reduced. In addition to this, the student pilots should form a reflex of
immediately switching the fuel selector to the ”off” position in case engine fire was detected. In order to train
these skills, it is beneficial to implement the simulated fuel selector in the cockpit.
33URL:https://www.boldmethod.com/learn-to-fly/aircraft-systems/what-causes-engine-fires-during-start/,
LA 09-06-2020
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Both the simulated fuel pump and the simulated fuel selector will aid in emulating characteristics of a different
aircraft and will serve in training certain emergency situations, thus they are shall fulfil ELTA-TE-01-03 and
ELTA-TE-08.
Sound System
In an effort to further enhance the training experience for the student pilots, a sound system designed to emu-
late the sounds usually encountered when on-board a combustion engine aircraft will be incorporated into the
in-flight TE package. This kind of technology has not been implemented on-board any aircraft yet. However,
the development of such a system shall be achievable, as a similar technology to that used for matching specific
sound tracks to certain manoeuvres performed in the flight simulator training is expected to be used. In order to
contribute towards noiseminimisation, while also allowing students to experience- to a certain extent- the feel of
flying a combustion engine aircraft, the sound will be transmitted directly to their headphones. In order to allow
for efficient communication, the student and the instructor will be able to adjust the volume of the sound system,
as well as to turn it off completely at any point during flight training. The software of the sound system will be
incorporated in the flight computer and it will be controllable via theMFD. Including this system in the TE package
will help fulfil ELTA-TE-01-03, as it will provide amean of simulating the characteristic of another aircraft.
Ballistic Parachute
The integration of a (remotely deployable) ballistic parachute into the aircraft brings great safety benefits. It
would - in combination with the stress level monitor - allow for safe landing in emergency situations where the
student cannot land themselves. It will result in a total loss of the aircraft, but often saves lives. According to
Alaziz et al. [62], 72%of accidents in their study onCirrus aircraftwere causedbyhumanerror, and 71%of errors
were made by student or private pilots. The results of this study also showed a ”13-fold reduction in the odds of
a fatal accident with the use of CAPS” [62]. For this device, a parachute from the company Galaxy GRS has been
chosen, andwill cost around $5 000 excluding installation 34. The systemweights around 21.7kg35. The addition
of a ballistic parachute to the Dragonfly aids in fulfilling requirement ELTA-TE-01.
StressMonitor
A stress level monitor in the form of a fitness wristband or smart watch can be used to determine the students
heart rate and blood oxygen levels in order to determined how stressed a student is. This technology can be
useful especially when the student is flying solo, so that the flight instructor who is positioned on the ground can
respond to an emergency situation or lower the level of training if a student is too unconfident with the tasks
they are performing. While any wearable device with stress measuring capability could be used for this puprose,
the Garmin vivosmart is recommended 36. The FAA conducted a study in 1967 [63] in which eight participant’s
heart rates weremonitored during their PPL lessons. The data of heart rates from this study can be implemented
into the TE package of the Dragonfly. If the heart rate of a student pilot exceeds those recorded in this study,
the flight instructor can decide to lower the amount of stress on the student. Factors that cause stress include
engine and systemnoise 37, which are simulated in theDragonfly. Turning these offwould result in lowered stress
levels and more efficient learning for the student [64]. The addition of this item aids in fulfilling requirements
ELTA-TE-01-02, ELTA-TE-01-02-A and ELTA-01-02-B.
Glass Cockpit
A glass cockpit typically consists of a PFD and an MFD (primary- and multi-function display). For the Dragonfly,
a PFD from the company Dynon has been chosen. This company provides affordable avionics solutions for GA
aircraft, and provide all the necessary avionics to equip the Dragonfly. The system will cost around $25 000 38

and include all necessary sensors, a PFD andMFD, enginemonitoring and the structural attachments andwiring.
The screens will be either 10 inches or 7 inches in diagonal length, depending on the dimensions of the cockpit.
The altitude indicator will indicate the ground level, while the airspeed indicator will show the approach, stall and
other speeds so they are easily accessible to the pilot. Furthermore, it will teach the student the layout of the
cockpit of aircraft they will likely fly in the The addition of these items aids in fulfilling requirements ELTA-TE-08
and ELTA-TE-09.
Flight Data Recorder
For efficient debrief procedures, it is important to be able to access the flight data. As the most important flight
data is processed and displayed by the PFD of the glass cockpit, this device may also be used for flight data
recording purposes. This will be done by making use of the PFD’s USB port: an USB stick will be inserted into
34URL: https://www.aviationconsumer.com/safety/brs-parachute-retrofits-a-cost-benefit-analysis/, LA
09-06-2020

35URL: https://www.galaxysky.cz/grs-6-800-990-sds-175m2-p43-en, LA 09-06-2020
36URL: https://buy.garmin.com/en-US/US/p/605739, LA 09-06-2020
37URL: https://www.skybrary.aero/index.php/Stress_and_Stress_Management_(OGHFA_BN), LA 16-06-2020
38URL: https://www.dynoncertified.com, LA 08-06-2020

98

https://www.aviationconsumer.com/safety/brs-parachute-retrofits-a-cost-benefit-analysis/
https://www.galaxysky.cz/grs-6-800-990-sds-175m2-p43-en
https://buy.garmin.com/en-US/US/p/605739
https://www.skybrary.aero/index.php/Stress_and_Stress_Management_(OGHFA_BN)
https://www.dynoncertified.com


9.5. In-flight Segment

the port at the beginning of the lesson and it will store the data from that specific flight. The information may
then be fed into a software that will animate the flight for the student to process their mistakes. Furthermore,
this information on altitude, velocity, pitch, yaw, roll, pitch rate, yaw rate, roll rate, temperature, and air density
can be inputted into the flight simulator so that the student can truly relive their flight and learn how to possibly
act or react differently in a situation encountered in a flight lesson. This feature aids in fulfilling requirements
ELTA-TE-06-01-D, ELTA-TE-06-01-E and ELTA-TE-06-01-F.
Collision Avoidance System
According toAOPA, ”collisionavoidance isoneof themostbasic responsibilitiesofapilot flying invisual conditions”
39. Therefore, it is critical for pilots to have an overview of traffic and terrain. The performed questionnaire
(Section 9.4) showed that many pilots wish that some sort of traffic avoidance system was installed in a trainer
aircraft, in order to aid the student. For this, several types of avoidance systems are available. US aircraft flying
in airspacewhere transponders aremandatory require an ADS-B (Automatic Dependent Surveillance Broadcast)
out starting January 2020. The chosen Dynon glass cockpit includes an ADS-B out transponder. In order to not
overwhelmthestudent inthefirststagesof flighttraining, therewillbeapossibility toshutoff thissystemsothatthe
studentcanfocusonlearningtheproperscanningmethod,especially inthetrafficpattern,asthis iswheremostmid
aircollisions(MACo)happen39. TCASisdeemedtoosophisticatedformanyGAaircraft, andhasthereforenotbeen
considered for the Dragonfly. The addition of the ADS-B transponder related to the requirement ELTA-TE-01.
Autopilot
Theaddition of the autopilot to the aircraftwill assist student pilots in getting used to the autopilot feature, as they
will also use these in further stages of training in larger aircraft. The Dragonfly will contain a 2-axis autopilot for
pitch and roll motion. It can also assist the student in recovering frommany situations by setting the autopilot to
straight and level in case the student panics. It will aid in fulfilling requirement ELTA-TE-04.
Virtual Certified Flight Instructor
Theglasscockpitwill includeavirtualCFI. It isapieceofsoftwarewhichcanbeusedbythestudentwhile flyingsolo.
The virtual CFI could give audio cueswhen the student is not performing amanoeuvre how they should be. Some
manoeuvres that couldbe trainedusing thevirtualCFI includestalls, steep turns, navigation (cross-country) flight
andmore. It couldalsoutilise theARglasses inorder toaugmentgates into thestudentpilot’svision throughwhich
they have to fly, in order to visualise the target goals for altitude for example. It will also warn the student when
they aremaking amistake using audio and/or haptic feedback, and announce and guide the student through the
next manoeuvre. The implementation of a virtual CFI aids in fulfilling requirement ELTA-TE-01, ELTA-TE-04,
ELTA-TE-04-01, ELTA-TE-04-02, ELTA-TE-04-03, ELTA-TE-04-03-A and ELTA-TE-04-03-B.
Voice Recorder
Connected to the intercom, the voice recorder uses an inserted SD card to save all the communication in the cock-
pit. This can aid the pilot during debriefing as they can re-listen to the ATC commands. The voice recordings also
bring benefits during at home flying practice, for example chair flying, as the student can practice to keep focus
on radio communications and learn to filter out the important parts of ATC. Its implementation aids in fulfilling
requirements ELTA-TE-06-01-C and ELTA-TE-06-01-F. It was also one of the answers that stood out in the
questionnaire, as many participants wished for a voice recordingmethod.
Video Recorder/Camera
The added camera in the cockpit will allow for improved debriefing procedure, as explained in the next section. It
wasalsoahighly requested item in thequestionnaire. Camera recordingsarenotonlyuseful to impress familyand
friends, but can also act as a useful learning tool. To fulfil this purpose, the GoPro Hero 7 has been chosen, which
can record video at 4k resolution and 60 frames per second 40, however, only HD (1080p) resolution will be used
for the TE package. The camera addition aids in fulfilling requirementsELTA-TE-06-01-A,ELTA-TE-06-01-B
and ELTA-TE-06-01-F. In order to fully fulfil ELTA-TE-06-01-A, an SD card of at least 32GBmust be added.
Debrief Software
In order to enhance learning and aid the student pilot in retaining information, it is vital to include a debrief soft-
ware in the TE package. The debrief software is also a highly requested item, as determined by the performed
questionnaire. Several people mentioned it in the open question and the vast majority of participants deemed it
”very useful”. Even though many pilots already use some form of debrief software, the TE package will include
CloudAhoy. It is a yearly subscription service for 65$ or 150$ per year, depending onwhether the standard or pro
version is chosen 41. The pro version offers 2D and 3D flight animation, wind data, cockpit view animation, video
39URL: https://www.aopa.org/training-and-safety/online-learning/safety-advisors-and-safety-briefs/
collision-avoidance, LA 08-06-2020

40URL: https://www.mediamarkt.de/de/product/_gopro-hero7-black-2464536.html, LA 08-06-2020
41URL: https://www.cloudahoy.com/product.php, LA 08-06-2020
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integration and more, as well as a CFI assistant which scores the student on how well they performed certain
tasks. With all this information, the student can truly relive their flight and learn from it in the future. The addition
of CloudAhoy to the TE package will fulfil requirement ELTA-TE-06.
Electronic Flight Bag
The electronic flight bag (EFB) is the device which replaces all the paper checklists and paper charts within the
cockpit. Furthermore it runs the debrief software, mentioned previously. It was also mentioned by the partici-
pants of the questionnaire. It may come in the form of an iPad as suggested in themidterm report [1], for around
500 euros 42. Furthermore, the EasyVFR 4 application will be used on the iPad for flight planning. This is done as
themembership can be combined with updating the Dynon database used for the PFD/MFD 43

Removable Instructor Seat
With a removable instructor seat, theDragonfly has the possibility of providingmore range and endurance, as the
lack of seat and instructor weight will allow for the insertion of more batteries. The front seats of a Cessna 172
weigh 23lbs, or 10.4kg 44. In total, the elimination of the passenger seat will allow for up to 80kg extra of battery
space. The addition of a removable instructor seat aids in fulfilling requirement ELTA-TE-01.
9.5.3.Mass and Cost Budget Breakdown
Anoverviewof themass and cost budget breakdown for the in-flight TEpackagemaybe found inTable9.5. In this
tabletheestimatedcost in[€]andmassin[kg] is listedforeachitemthatwillbeincludedintheTEpackage. Further-
more, the total cost andmass are displayed, each including amargin of 5%added for contingencymanagement.
In order to emulate a real fuel pump, a simplemetal switchmaybe added to the cockpit. Theproposed sound sys-
temhasnotbeenpreviously implementedonanyGAaircraft. However, asexplained inSection9.5.2, thesoftware
that will be developed to fulfil this function is expected to be similar to the one found in a flight simulator. Thus, as
a first estimate, the price of a realistic sound systemextension package for a flight simulator has been selected for
this item. For the PFD and MFD, the screens themselves, as well as the batteries needed for their operation have
been accounted for in themass and price estimates. Similar to the sound system, the virtual CFI has not been im-
plementedonanyGAaircraft yet, as it hasnotbeendevelopeduntil now. Asanestimation for thepriceof including
this typeof software on-board theDragonfly, the cost of a virtual flight instructor software thatmaybeused for at-
home simulator training purposeswas used. Furthermore, for the flight data recorder, the item that is considered
is actually anSDcard,which is added to store the flight data that is displayedon thePFD.Regarding the removable
instructor seat, only estimates of themass and cost of thehardware that ensures that the seat is removable is con-
sidered in this table. The cost of the actual seat will be stated when discussing the design of the aircraft’s interior.

Table 9.5: Mass and cost budget breakdown for the in-flight TE package.

Item Cost [€] Mass[kg]
HTC VIVE Pro Eye + ZEDMini Stereo Camera 1792 0.62
Epson BT-300 669 0.069
Simulated Gear Lever 45 77 0.05
Simulated Engine Controls (Propeller and Mixture Control) 46 164 0.91
Simulated Carburettor Heat Control 47 109 0.45
Simulated Fuel Pump 48 5 0.05
Simulated Fuel Selector 49 64 0.10
Sound System (Software) 50 31 N/A
Ballistic Parachute 51 52 4450 21.70
Stress Monitor (FitnessWristband) 53 114 0.02

42URL: https://www.apple.com/de/shop/buy-ipad/ipad-10-2/32gb-space-grau-wifi-cellular, LA 08-06-2020
43https://easyvfr4.aero/efis-datasets/dynon-avionics-data/ accessed on 20-6-2020
44URL: http://www.cessna172club.com/forum/ubbthreads.php?ubb=showflat&Number=198883, LA 08-06-2020
45URL: https://www.aircraftspruce.com/catalog/elpages/racbezelswitches.php?clickkey=28056, LA 10-06-2020
46URL: https://www.aircraftspruce.com/catalog/appages/a750.php, LA 10-06-2020
47URL:https://www.aircraftspruce.com/catalog/eppages/carbheatcontrols2.php?clickkey=12010, LA10-06-2020
48URL: https://www.aircraftspruce.com/catalog/elpages/metlevswitch.php?clickkey=28056, LA 10-06-2020
49URL: https://www.aircraftspruce.com/catalog/appages/fuelselcessna.php?clickkey=9216, LA 10-06-2020
50URL: http://www.flight1.com/products.asp?product=audenvga, LA 10-06-2020
51URL: https://www.aviationconsumer.com/safety/brs-parachute-retrofits-a-cost-benefit-analysis/, LA
10-06-2020

52URL: https://www.galaxysky.cz/grs-6-800-990-sds-175m2-p43-en, LA 10-06-2020
53URL: https://buy.garmin.com/en-US/US/p/605739, LA 10-06-2020

100

https://www.apple.com/de/shop/buy-ipad/ipad-10-2/32gb-space-grau-wifi-cellular
http://www.cessna172club.com/forum/ubbthreads.php?ubb=showflat&Number=198883
https://www.aircraftspruce.com/catalog/elpages/racbezelswitches.php?clickkey=28056
https://www.aircraftspruce.com/catalog/appages/a750.php
https://www.aircraftspruce.com/catalog/eppages/carbheatcontrols2.php?clickkey=12010
https://www.aircraftspruce.com/catalog/elpages/metlevswitch.php?clickkey=28056
https://www.aircraftspruce.com/catalog/appages/fuelselcessna.php?clickkey=9216
http://www.flight1.com/products.asp?product=audenvga
https://www.aviationconsumer.com/safety/brs-parachute-retrofits-a-cost-benefit-analysis/
https://www.galaxysky.cz/grs-6-800-990-sds-175m2-p43-en
https://buy.garmin.com/en-US/US/p/605739


9.6. Ground Segment

PFD 54 55 8700 2.47
MFD 54 55 3150 1.46
Collision avoidance system 54 56 57 2763 0.52
Autopilot 54 58 1900 1.80
Virtual CFI (Software) 59 53 N/A
Voice Recorder 60 32 0.07
Video Recorder 61 300 0.11
Debrief Software 62 150 N/A
EFB + ForeFlight software 63 64 614 0.49
Removable Instructor Seat (Hardware) 100 1.00
Total 25,237.56 31.89
Total + 5% 26,499.44 33.48

9.6. Ground Segment
In addition to the TE items that will be included inside the aircraft, an optional ground segment of the TE package
will be offered to the flight schools in order to further increase the training effectiveness. The flight simulator is
one of the items with the highest perceived usefulness by the participants in the questionnaire, as mentioned in
Section 9.4.2. Thus, the main component of the ground segment will be a flight simulator. Three types of flight
simulators have been included in the questionnaire, as explained in Section 9.4.2. The perceived usefulness of
each of the three types of flight simulators was almost equal, thus, a trade-off between the three design options
needed to be performed. In order to identify which are themost important criteria to evaluate each proposed de-
sign option for the flight simulator, the quality function deploymentmethod has been used, as shown in Table 9.6.

Table 9.6: Quality Function Deployment for the ground segment of the TE package.

Several customer demands have been consideredwhen generating the QFD in Table 9.6. It was deemed that the
most important one was that the chosen ground segment shall increase the training effectiveness in comparison
54URL: https://www.dynoncertified.com/pdfs/Certified-Price-Sheet-032020.pdf, LA 10-06-2020
55URL: https://www.dynonavionics.com/skyview-specifications.php, LA 10-06-2020
56URL: https://www.dynonavionics.com/mode-s-transponders.php, LA 10-06-2020
57URL: https://www.dynonavionics.com/adsb-dual-band-receiver-472.php
58URL: https://dynonavionics.com/public_html/yabbfiles/Attachments/Catalog-Dynon-web.pdf, LA 10-06-2020
59URL: https://store.takeflightinteractive.com/, LA 10-06-2020
60URL: https://amzn.to/2XPPS1T, LA 10-06-2020
61URL: https://www.mediamarkt.de/de/product/_gopro-hero7-black-2464536.html, LA 10-06-2020
62URL: https://www.cloudahoy.com/product.php, LA 10-06-2020
63URL: https://www.apple.com/de/shop/buy-ipad/ipad-10-2/32gb-space-grau-wifi-cellular, LA 10-06-2020
64URL: https://foreflight.com/pricing, LA 17-06-2020
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to existing training solutions. Furthermore, it is important that the flight simulator will be profitable for the flight
school in order to enhance the business case, thus, it shall be cost-effective. The customer demands that have
been awarded a lower importance score are the fact that the flight simulator shall be safe to operate and occupy
the least amount of space possible.
The technical performance measurements of the flight simulator that have been included in the QFD are the
added training effectiveness, where the level of realism provided by the device will be accounted for, cost, risk,
technology readiness and size. The scores that have been used in order to asses the correlation between the
customer demands and the technical performance measurements in this QFD are: 1- low/weak correlation, 3-
moderate correlation, 9- very strong correlation.
There is a moderate correlation between the increase in training effectiveness and the cost, risk and technology
readiness of the simulator. This is due to the fact that themore costly a simulator is, themore complex this usually
is, meaning that it may have the ability tomore efficientlymimic real flight situations, leading to a higher increase
in training effectiveness. Furthermore, the risk of an error occurringwhenoperating a simulator increaseswith its
level of complexity, and, consequently,with its abilityofprovidingan increase in trainingeffectiveness. Inaddition
tothis, thefasteracertainsimulatortechnologyisfullydevelopedandavailabletotheflightschools, thefasteranin-
crease in the trainingeffectivenessmaybeobserved. Additionally, there isamoderatecorrelationbetweenthede-
siredcost-effectivenessandthetechnologyreadinessofthesimulator. This isduetothefact that ifacertainsimula-
torhasyet tobe fullydevelopedandcertifiedbefore itmaybeusedbythe flight school, thisprocessmightbecostly.
The result was that themost important criterion in the trade-off, with a weight of 35% shall be the added training
effectiveness, which is reasonable. The cost is also an important criterion, having aweight of 25%, as well as the
risk, with a weight of 20%.
The design options that are considered in this trade-off are: a VR simulator, such as the one used by the U.S. Air
Force in the Pilot Training Next program [54], presented in Figure 9.6a, a flight training device (FTD) without a
motion base, such as the Redbird LD 65 displayed in Figure 9.6b- ”FTD- no motion” and an FTD with full motion
capabilities, such as the Redbird MCX 66 shown in Figure 9.6c- ”FTD- full motion”.

Figure 9.6: Types of simulator considered in the trade-off.

(a) VR simulator used
in the Pilot Training Next US Air Force Program. (b) TheRedbird LD, an FTDwith nomotion base.

(c) Redbird MCX, an FTD with full motion base.

An overview of the trade-off that was performed for the three types of simulator may be found in Table 9.7. In
terms of added training effectiveness, it was considered that the VR unit and the FTD-full motion deserve an
excellent score of 4. This is due to the fact that the VR unit delivers a high degree of visual realism, while the
FTD-full motion delivers a high degree of haptic/movement realism, thus increasing the training effectiveness by
closely emulating a real flight experience. The FTD- nomotion is usually the one used inmost flight schools at the
moment, as resulted from research aswell as interviewswith theHead of Training of the KLM Flight Academy and
of Vliegschool Rotterdam. Thus, even though this device is not equipped with amotion base and the same visual
realism a VR unit may provide, it has proven to add a significant amount of training effectiveness.
65URL: https://simulators.redbirdflight.com/products/ld#aircraft-configurations
66URL: https://simulators.redbirdflight.com/products/mcx#aircraft-configurations
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Table 9.7: Trade-off for the Ground Segment/Simulator.

Regarding thecost of the flight simulators, theVRunit hasbeenawardedanexcellent score. Thisunit is built using
off the shelf products. The exact cost is not known, but research has shown that the total cost of such a VR unit
is approximately 8000$-10000$ 67 [55], which is considerably lower than the price of the various FTDs available
on the market. The cost of the considered FTD-no motion, the Redbird LD, is approximately 33000$, which is
more than 3 times the cost of the VR unit, thus being awarded the neutral score 2. The FTD-full motion that was
considered in this trade-off, the Redbird MCX, is approximately 90000$, which may already be considered too
costly by the flight schools, thus being awarded a score of 1.
In terms of risk, due to the motion base of the FTD-full motion, this device is considered complex and, thus, it
may presentmore operational risks. The VR unit and the FTD-nomotion are less complex when compared to the
FTD-full motion, and thus scored better in the risk category.
Regarding technology readiness, both the FTD-no motion and the FTD-full motion scored excellently, as these
devices are readily available on themarket and theymaybe immediately purchased. TheVRunit scored lower for
this criterion, as it is notwidely used in flight training at themoment and it requires collecting several off-the-shelf
products before the flight schools may be able to use it. Furthermore, it is more difficult to certify than the other
two types of flight simulators, as the technology is newer.
The VR unit would occupy the least amount of space, thus being awarded a score of 4 in this category. The FTD
full-motion would occupymore space than the FTD-nomotion, due to its motion base.
As can be seen on the last column of Table 9.7, the VR unit received the overall highest score, meaning that it
is the winner of the trade-off, and, thus, the chosen design option for the flight simulator. Only if the weight of
technology readinesswouldbe increased to50%,while decreasing theweight of the added trainingeffectiveness
and cost accordingly, the VR unit would not be the winner anymore, which indicates that the trade-off is robust.
The VR unit that will be used for ground training purposes will fulfil requirements ELTA-TE-08, ELTA-TE-08-
01, ELTA-07, ELTA-07-01, ELTA-07-01-A, ELTA-07-01-B and ELTA-TE-06. Furthermore, as previously
stated, this VR unit is composed of off-the-shelf products which will be discussed next. The main component
will be a VR headset. The pilots in the PTN program are reported to be using the HTC Vive Pro VR headsets68.
As an HTC Vive Pro Eye headset is already included in the in-flight TE package, this could be potentially taken
out from the aircraft and directly used for ground training purposes as well, when needed. The great advantage
of using this headset is the fact that it is equipped with eye tracking capabilities, which allows the instructor to
closelymonitor the student’s learning process, by knowing exactly the student’s scanningmethod. Furthermore,
the student may use the footage that was displayed and recorded on the VR headset during the flight and review
any desired situation in the on-ground simulator, for an efficient debriefing process. According to [65], the other
components of the VR unit are:
� A dual screen desktop computer powered by Intel Core i7 6-core processor;
� An NVIDIA GeForce CTX 1080 8GB graphics card;
� A Thrustmaster Warthog Hands on Throttle and Stick and rudder pedals;
� Guitammer Buttkicker 2 haptic feedback seat attachments.

The complete set-up of the VR unit may be observed in Figure 9.7.
67URL:https://www.airforcemag.com/usaf-brings-pilot-training-next-to-regular-training-in-experimental-curriculum/,
LA 11-06-2020

68URL: https://www.airforcemag.com/article/The-Future-of-Pilot-Training/, LA 11-06-2020
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Figure 9.7: Complete set-up of the VR unit.

This flight simulator may also be used to efficiently train the student on multiple aircraft models, as switching
between different cockpit configurations takes less than 10 seconds [66], which further increases the training
effectiveness. In addition to this, it is reported that 13 out of the 30 students participating in the PTN graduated
in 67% less time than using usual training procedures, and this successful outcome was mainly due to efficient
use of the VR unit [66]. In addition to this, the VR unit used in the PTN enabled one instructor to supervise the
performance of multiple student pilots at the same time, and it replaced up to 80 flight hours in a T-6 aircraft68,
significantly reducing the costs by eliminating the need of extra resources.
In order to increase the training effectiveness and to decrease the overall costs of the flight training, one of the
goals of the TE package is tominimise the amount of time required for the instructor to be on-board of the aircraft
in order to guide the student. It was reported by theHead of Training of the KLMFlight Academy that in their flight
program, the student usually spends 10h flying with the instructor until they gain the necessary set of skills to fly
solo. After that, 20more hours of combined solo and dual flight are required to complete the second phase of the
training. By limiting the amount of dual flight hours in this phase, the flight school could save a significant amount
of money. In order to achieve this, a system capable of displaying real time flight information collected from the
aircraft in which the studentswill be flying solo at that specificmoment,may bemade available to the instructors,
as part of the ground segment of the TE package. In this way, the instructor may monitor the performance of
multiple students at the same time. In order to collect flight data and display it in front of the flight instructor, on
the ground, in real time, as well as provide the flight instructor with the option of remotely deploying the ballistic
parachute if the student is in an overwhelmingly dangerous situation, technology used for operating Unmanned
Aerial Vehicles (UAVs). According to the principles of operating UAVs [67], the Dragonfly and the ground station-
the flight school- are both equipped with antennas that facilitate communication using radio waves. Keeping in
mind that the maximum range of the Dragonfly is around 250 km and that usually flight training is performed in
the proximity of the flight school, it is safe to assume that direct, Line-of-sight (LOS) radio wave transmission of
flight data is possible, at least during take-off and landing, which represent the most critical phases of flight. In
this way, especially during landing, the instructor may observe the student’s flight data and even vocally guide
them through the landing procedure, which would provide the student with an enhanced level of safety.

9.7. Cockpit Layout Design
This section presents the cockpit layout design. First, the items that will be implemented in the cockpit are ex-
plained in Section 9.7.1. The mass and cost breakdown of the cockpit items may also be found in Section 9.7.1.
The cockpit layout may be visualised in Section 9.7.2.
9.7.1. Cockpit ItemsMass and Cost Breakdown
This section explains all the cockpit items that are included within the cockpit. Table 9.8 shows each cockpit item
which is not part of the TE package, as these have been explained in detail in Section 9.5. The TE items row is the
total cost of all items explained in the aforementioned section.

Table 9.8: Mass and cost of cockpit items, including 5% contingency.

Item Cost [€] Mass[kg]
TE Items 25237 31.89
Pitot tube/AOA indicator 69 175 0.15
Flap Switch 70 80 0.01
Flap Computer 71 210 0.10

69URL: https://www.dynonavionics.com/aoa-pitot-probes.php, LA 11-06-2020
70URL: https://www.aircraftspruce.com/pages/el/switches_flaps/flaphandlecombo.php, LA 11-06-2020
71URL: https://www.aircraftspruce.com/catalog/avpages/tcw11-13462.php?clickkey=33888, LA 11-06-2020
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Annunciator Panel 72 147 0.28
Backup instruments 73 2050 0.66
Radio antenna 74 215 0.10
Audio control panel 75 260 0.20
Tachometer 76 215 0.37
Cabin Air Vent 77 98 0.05
Switch & Circuit Breaker Panel 78 570 1.15
Control Stick (including trim) 79 155 0.15
Instrument Panel Lights 80 125 0.20
Ignition Switch 81 195 0.15
Parking Brake Cable 82 65 0.20
Parking Brake Sticker 83 0.40 0.00
Cabin Heat Valve 84 65 0.20
Seats 85 1580 21.0
Seat Belts 86 430 3.00
Installation Hardware (cable&harnesses) 500 5.00
Static Port 87 15 0.15
Throttle 88 82 0.46
COM Radio Panel 89 1155 0.509
Total 33,624.96 65.98
Total + 5% 35,306.21 69.28

The items thatmake thecockpit aglass cockpit takeup the largest partwhenone looksat the cost of thePFD/MFD.
While the TE benefits of the glass cockpit have been explained in Section 9.5, this section aims to further discuss
the non-training enhancement related functions of the PFD and MFD.
The SkyView HDX by Dynon has been chosen as the PFD and MFD. It is a 10 inch screen which contains most
information which is relevant for the (student) pilot during flight. The SkyView HDX has a 10 inch touchscreen
which features good readability with wide viewing angles and simple screen navigation 90. Furthermore, the PFD
system is equipped with ADAHRS, a remote magentometer, a GPS receiver, a backup battery and a USB port,
which will allow the transfer of flight data to be used for debriefing, as mentioned in Section 9.5.2.
The PFD - which is capable of IFR navigation in combination with an IFR navigator - displays all information from
the basic six instruments and more on one screen, which will assist the student pilot in keeping an overview of
the aircraft attitude and plan this attitude ahead in time. 90. It also allows for the display of the basic six without
synthetic view being activated, which is very useful for initial pilot training in order to not overwhelm the student
and allowing them to feel the aircraft.
72URL: https://www.aircraftspruce.com/catalog/inpages/ap_7h.php?clickkey=3600, LA 11-06-2020
73URL: https://www.dynonavionics.com/efis-d10a.php, LA 11-06-2020
74URL: https://www.air-store.eu/epages/AIRStore-LuftfahrtbedarfundAvionik.sf/en_GB/?ObjectPath=
/Shops/AIRStore-LuftfahrtbedarfundAvionik/Products/AV-10, LA 11-06-2020

75URL: https://www.dynonavionics.com/includes/guides/SV-INTERCOM-2S_Installation_and_Pilots_User_
Guide-Rev_A.pdf, LA 11-06-2020

76URL: https://www.aircraftspruce.com/pages/in/tachometers_0browse/mech_tachs.php, LA 11-06-2020
77URL: https://www.aircraftspruce.com/catalog/appages/cabinvent.php, LA 11-06-2020
78URL: https://www.aircraftspruce.com/catalog/elpages/lsapowerpanel.php, LA 11-06-2020
79URL: https://www.aircraftspruce.com/catalog/elpages/g305.php, LA 11-06-2020
80URL: https://www.aircraftspruce.com/catalog/pspages/sptlightstrip.php?clickkey=3047345, LA 11-06-2020
81URL: https://www.aircraftspruce.com/catalog/elpages/igswitches2.php, LA 11-06-2020
82URL: https://www.aircraftspruce.com/catalog/appages/a700.php?clickkey=8314, LA 11-06-2020
83URL: https://www.aircraftspruce.com/catalog/appages/buttoninsters3.php?clickkey=8314, LA 11-06-2020
84URL: https://www.aircraftspruce.com/catalog/appages/a700.php?clickkey=8314, LA 11-06-2020
85URL: https://www.texasairsalvage.com/main_view.php?editid1=215342, LA 11-06-2020
86URL: https://www.aircraftspruce.com/catalog/appages/hooker2.php, LA 11-06-2020
87URL: https://www.aircraftspruce.com/pages/in/staticports/alumstaticports.php, LA 11-06-2020
88URL: https://www.aircraftspruce.com/catalog/appages/a750.php, LA 11-06-2020
89URL: https://www.dynonavionics.com/vhf-com-radio-controls.php, LA 11-06-2020
90URL: https://www.dynoncertified.com/pdfs/Certified-brochure-032020.pdf, LA 12-06-2020
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Figure 9.8: Main view of the PFD

Furthermore, the SkyView HDX includes engine monitoring - currently only for traditional combustion engine
aircraft90 - but with a little modification and changed sensors, it is expected that it will be able to display the
engine parameters of theDragonfly. It provides ”helpful verbal and visual alarms” that ”grab your attentionwhen
required”90.
Since January 2020,most aircraft flying in the US are required to be equippedwith at least ADS-B out. In order to
be prepared to enter the US market, the PFD also includes ADS-B out with a mode S transponder. In addition to
this, it includes an ADS-B receiver to collect and showdata on traffic andweather. This aids the student in gaining
situational awareness90.
The PFD also includes flight planning and mapping with the included maps, and optional ”charts, airports dia-
grams, andprocedures.”90. In order for it to be fully IFRapproach capable, it is advised to includean IFRnavigator
such as the Garmin aera 76091. However, this item is not included as a standard cockpit item, as the SkyView
HDXhasbasic VNAVapproach capabilitieswhich canbeused for initial IFR training. The included IFR connectivity
kit enables connectivity with certified GPS/NAV devices, for example those made by Garming or Avidyne 90, and
allows this information to be displayed on the PFD too.
While the SkyView HDX’s touch screen can also control the two-axis autopilot, which has been certified for many
other trainer aircraft such as most versions of the Cessna 17290, it has been decided to integrate a separate
autopilot panel in order to limit the necessity of navigatingmenus on the touch screen.
An additional separate panelmount has been introducedwith theCOM radio. It has ”dedicated buttons for tuning
Tower/CTAF, ATIS/WX, ATC and ground frequencies” 90. It will be used for all communication occurring on board
the aircraft and allow for example the flight instructor to assist the student from the ground once they are soloing.
Furthermore, the COM system requires a separate radio antenna, which is also included in the cockpit items.
In order to be IFR capable, the aircraft requires backup instruments. For this purpose, the Dynon D10 EFIS was
chosen92. It is less costly than a separate set of traditional instruments, which would also require the installation
of a vacuum pump, which is prone to failing, with a failure occurring roughly every 500 hours93.
Further items that are included in the cockpit, orwhich are required for its components, include the pitot tube and
angle of attack (AOA) sensor. An AOA sensor was requested by many in the performed questionnaire as it gives
enhanced information on the aircraft’s stall. In order to electrically operate the flaps, a flap computer and a flap
switch are required. The position of the flaps can be indicated on the PFD. In order for the aircraft to calculate its
velocity a static port has also been included.
To control the audio inside the plane, an audio control panel has been added,which also adds stereo functionality.
It connects to the headsets and allows for implementation of the pilot’s own music. The cockpit also includes a
tachometer in order to determine the flown hours. The tachometer is often used by flying clubs and flight schools
to determine howmuch the student owes them.
In order to warn the pilot of a low voltage of the battery, a low voltage warning light has been implemented.
91URL: https://buy.garmin.com/en-US/US/p/681883, LA 12-06-2020
92URL: https://www.dynonavionics.com/efis-d10a.php, LA 12-06-2020
93URL: https://www.aopa.org/training-and-safety/students/flighttestprep/skills/vacuum-system-failure,
LA 20-06-2020
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Furthermore, a switch and circuit breaker panel is implemented as it is inmost general aviation cockpits. It allows
the pilot to check that all circuits are functioning and contains the master switch for the avionics. The fuel pump
simulated switch is also included in this panel. In addition to this, the ignition switch is located at the side of the
control switch panel.
For the pilot’s and passenger’s comfort, a cabin air vent and heat valve have been installed. The air vent can
distribute both warm and cold air in the cockpit and will help with fogging up of the windshield.
Theaircraftwill becontrolledusingastickonbothsidesof thecockpit in steadofayoke togive thecockpit acleaner
look and to not block the view of any instruments/ The electrical trim in both directions is integrated on this stick.
To anticipate on the allowance for the aircraft to be certified at night, instrument panel lights are already included.
Thecockpit also contains aparkingbrake cable,whichwill beequippedwith theparkingbrake sticker. The throttle
- which uses the same components as the simulated mixture and propeller controls - will be used to control the
amount of power the engines deliver.
Finally, the interior of the cockpit requires seats and seat belts. The chosen seats are examples of the possible
seats that could be used, and come from a Cessna 172. The seat belts are four-point seat belt systems which are
configurable in fabric and trim colour. For the installation of all avionics devices, 500€ and 5kg have been added
for wiring and harnesses within the cockpit.
9.7.2. Cockpit Layout
This subsection shows the final cockpit layout. It also lists all items which can be seen in Figure 9.9.

Figure 9.9: The final cockpit layout of the ELTA.

The items listed in Figure 9.9 are as follows:

1. Primary Flight Display
2. Multi-functional Display
3. Annunciator Panel
4. COM Panel
5. Autopilot Panel
6. Audio Control Panel
7. Backup EFIS
8. RPM+ Tachometer
9. Parking Brake

10. Ignition Switch
11. Switch and Circuit Breaker Panel
12. Simulated Carb Heat Control
13. Simulated Landing Gear Switch
14. Flap Switch
15. Throttle
16. Simulated Propeller Governor
17. Simulated Mixture Control

9.8. Risk Assessment
To have an indication of the possible risks for the TE-package all items will be analysed individually.

107



9.9. Verification and Validation

Mixed reality headset. The mixed reality headset could fail due to several things. It could be overheated or
experience a software error for example. When this occurs the user can just take off the headset and resume
normal flight operations. To prevent overheating the aircraft has a ventilation system within the cockpit which
not only prevents overheating of the headset, but also of the pilot himself. Software errors can be mitigated by
updating the software regularly.
Simulated levers. A failure of a simulated lever could be caused by an improper connection of the lever to
the annunciator panel or engine computer. If the simulated levers fail this has no influence on the actual flight
operation, and this may result in the risk of the student becoming incompetent on flying actual piston aircraft
where improper usage of the levers will result is possibly fatal accidents. This can be mitigated by having a little
light next to each lever which lights up only if the lever is properly connected.
Sound system. A risk could be that the sound system is set at the wrong volume. This could be mitigated by a
knob where the sound can bemanually adjusted. As the sounds mimic those experienced in a real piston engine
aircraft, it is important for the student to know to regulate thevolumeso that they canbeheardandaudio cues can
be picked up with regards to the engine noises. Another risk is that the sound system fails completely. This can
easily be recognisedby thepilot as the simulatedpiston engine noisewill not beheard and therefore nomitigation
method is required.
Ballistic Parachute. A failurewithin the ballistic parachute systemwill be fatal. For that reason, this risk should
bemitigated by performing regular maintenance checks as well as 5-yearly repacking of the parachute.
Glass Cockpit. Tomitigate the risk of a failure within the glass cockpit, the backup EFIS has been implemented.
Furthermore, backup batteries are included with the PFD, MFD and backup EFIS to guarantee a minimum of one
extra hour of life on these devices.
Collision Avoidance System. As theDragonfly is used for VFR training, collision avoidance is the responsibility
of the pilot himself. The collision avoidance system should never be blindly trusted as failures could occur and
the system detects only aircraft. Birds and small drones are also a potential hazard, which can only be detected
visually at this moment. To minimise the risk of not seeing an aircraft it could be mandatory to have ADS-B on
each aircraft which is currently the case in the USA for most airspace.
Autopilot. To minimise the risk of an autopilot failure it should always be checked during maintenance. Fur-
thermore, the autopilot should include a self-test on the groundwhich should run successfully in order for it to be
turned on during flight. Finally, the autopilot can always simply be switched off using the autopilot-off switch.
Virtual CFI. If the virtual CFI should fail, the student can become stressed. To minimise this risk, the student
should only be allowed to fly solo when he knows how to fly the aircraft without help from the instructor as is
currently the case for PPL training. The goal of the virtual flight instructor is also not to teach new manoeuvres,
but only to recapitulate what the student already knows.
EFB. To mitigate the risk of a failing EFB and not knowing where you are and who to contact there should be at
least one back-up, as prescribed by regulations. This back-up can be another EFB or a paper chart. To minimise
the risk of flying with an out-of-date EFB it should be updated before every flight. If this is not done, the pilot
should get a message that he has to update the EFB before going to fly.
Voice Recorder. A risk can be that it is not allowed to record ATC as is the case in Germany for example. To
mitigate the risk of getting sued the voice recorder should only record the intercom.
Other items. The other TE items will not affect the direct flight environment. They only have influence on the
debriefing. For that reason no mitigation strategy is thought of other than repairing the systems whilst on the
ground during regular maintenance intervals.

9.9. Verification and Validation
Someof the items that have been selected for the TE package need further verification and validation before they
may be employed on-board the aircraft for training purposes.
One such item is represented by the selected AR glasses, the EpsonMoverio BT-300. In order to ensure that their
performance during flight is appropriate for the student, they will first be tested on the ground on the following
criteria: accuracy of the displayed information, latency of data transfer, as well as level of visibility of the informa-
tion in high brightness situations. Once the item has been tested and approved on the ground, the same series
of tests will be performed during test flights. If all the tests are completed successfully, the instructors as well as
the flight schools may introduce these AR glasses to the students during flight training.
Another item that shall be thoroughly verified and validated before being introduced in the cockpit is the mixed
reality headset. Even though a similar headset has been validated byNASA, as they have proven that this concept
aids in training certain manoeuvres, the item still needs to be verified and validated for general aviation train-
ing. The main aspects that need to be tested include: the quality/clarity of the displayed real image (the ZED
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Table 9.9: Compliance Matrix of all TE functional and non-functional requirements

Identifier Relevant Item
Software

Req
met?

ELTA-TE-01 All !

ELTA-TE-01-01 Mixed Reality Head-
set, Electrical Engine !

ELTA-TE-02 Fitness wristband,
eye tracking !

ELTA-TE-01-02-A Fitness wristband !
ELTA-01-02-B Fitness wristband !
ELTA-TE-01-03 Modular cockpit !
ELTA-TE-01-04 All !
ELTA-TE-02 PFD, EFB !
ELTA-TE-02-01 EFB !
ELTA-TE-03 EFB, AR glasses !
ELTA-TE-03-01 EFB, AR glasses !
ELTA-TE-04 Virtual CFI *
ELTA-TE-04-01 Virtual CFI *
ELTA-TE-04-02 Virtual CFI *
ELTA-TE-04-03 Virtual CFI *
ELTA-TE-04-03-A Virtual CFI *
ELTA-TE-04-03-B Virtual CFI *
ELTA-TE-05 Autopilot !

ELTA-TE-06
Voice, Video, Data
recording, EFB,
Debrief software

!

ELTA-TE-06-01 Camera !
ELTA-TE-06-01-A Camera !

Identifier Relevant Item
Software

Req
met?

ELTA-TE-06-01-B Camera !
ELTA-TE-06-01-C Camera, SD Card !

ELTA-TE-06-01-D Flight data
recording, PFD !

ELTA-TE-06-01-E Flight data
recording, PFD !

ELTA-TE-06-01-F USB port in PFD !
ELTA-TE-07 VR simulator !
ELTA-TE-07-01 VR simulator !

ELTA-TE-07-01-A Flight data recording,
VR simulator !

ELTA-TE-07-01-B VR simulator !
ELTA-TE-08 Mixed reality headset !
ELTA-TE-08-01 Aircraft, VR simulator !
ELTA-TE-08-02 Electrical engine !
ELTA-TE-08-03 Mixed reality headset !
ELTA-TE-09 PFD, MFD, AR glasses !
ELTA-TE-09-01 PFD, AR glasses !
ELTA-TE-NF-01 Test flying !

ELTA-TE-NF-02 Cockpit layout,
CAD drawings !

ELTA-TE-NF-03 USB port on PFD !
ELTA-TE-NF-04 Battery !
ELTA-TE-NF-05 DSE constraint !

mini camera shall record video with sufficient quality for the student to be able to read the flight data on their
instruments and to be immersed in the experience), the quality/clarity/level of realism of the displayed virtual
environment/simulations outside of the windshield, the chroma key composting accuracy, as well as the latency
of data transfer. These shall all be tested on the ground first and then in a test flight.
A compliancematrix for the requirements stated in Section 9.3may be found in Table 9.9. The requirements that
are assumed to be fulfilled by the virtual CFI have been marked with ”*” due to the fact that the actual software
of the virtual CFI has not been developed or tested yet.

9.10. Training Effectiveness Provided by the Electric Propulsion
Aunique aspect of theDragonfly is represented by its electrical propulsion. This characteristic greatly contributes
towards the increase in training effectiveness that is to be achieved with the aircraft. This section explains the
added training benefits of the electric propulsion alone.
First, the implementation of the electric propulsion in combination with the light weight of the aircraft allows
for reaching a significantly higher power to weight ratio compared to standard combustion engine aircraft. This
means that the aircraft will be able to climb faster than usual trainer aircraft. This will provide the possibility of
more effective trainingofmanoeuvres byusing the timewithin the training sessionsmore efficiently. Additionally,
having an electric propulsion system allows for easily controllable power output from the engines. This aspect is
highly important, as it would provide the students with the opportunity to safely recover from their mistakes by
having the aircraft react quickly to their input. Moreover, the engines of the electrical trainer aircraft are more
reliable than conventional propulsion alternatives, as they are less complex and, thus, present less operational
risks. This feature makes training safer for the beginner students. Furthermore, the very low noise aspect and
the fact there are no vibrations would help increase the level of concentration of the beginner student. This will
help them learn the basics of flyingmore efficiently.
Another big advantage of the electric propulsion is the low operational cost associated with it. This will make the
business case more profitable for the flight schools, as well as make flight training more accessible to potential
students. With lower operational costs, the studentswill be able to trainmore and thus improve their skills. A cost
analysis that determines the operational cost of the Dragonfly is presented in Section 11.4.1.
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9.11. Quantifying the Training Effectiveness of the TE Package
Now that the benefits of training in an aircraft equipped with electric propulsion have been discussed in Sec-
tion 9.10, it is time to dive deeper into the added training effectiveness of the items that will be included in the TE
package. On average, it takes student pilots 55-60 hours to complete their PPL training 94. Theminimumnumber
of hours to receive your PPL license varies between Europe, where it is 45 hours, and the USA, where it is 40 hrs
underPart61and35hrsunderPart141. Thismeans that theamountof traininghourscanbedecreasedby25%to
42%, depending on location, while still fulfilling minimum requirements. This may be achieved by implementing
certain TE items. In this section, typical ways of quantifying training effectiveness will be discussed first. Then,
the added training effectiveness of multiple TE items will be assessed.
Typical ways of quantifying Training Effectiveness
One way to quantify training effectiveness is the so called Transfer Effectiveness Ratio (TER). An example of this
is presented in a paper by J.M. Rolfe and P.W. Caro [68]. The TER is measured by applying Equation (9.1), where
𝑇𝐸ዅ፬።፦ is the training effort required to learn the task on the jobwithout a simulator,𝑇𝐸+𝑠𝑖𝑚 is the training effort
required to learn the task on the job when some training is performed using the simulator and 𝑇𝐸።፧፬።፦ is the time
required to learn the task using just the simulator[68].

𝑇𝐸𝑅= 𝑇𝐸ዅ፬።፦−𝑇𝐸ዄ፬።፦𝑇𝐸።፧፬።፦
(9.1)

This equationwill ”giveaTER=+1.0when theamountof trainingeffort savedon the job is equalledby theamount
of training effort expended in the simulator” [68]. The TER is > 1 if the training hours in the simulator are less
than the time saved in an on-the job-situation. The TER is <1 if the training time in the simulator is larger than
the time saved on the job[68].
Furthermore, one may not only be interested in the TER, but also the cost effectiveness of their training. There-
fore, Roscoe developed the Training to Cost Ratio (TCR),which is defined by Equation (9.2)[68]. Themedian TCR
- taken from 33 different aircraft and simulator pairs - is 0.116, meaning that the cost of operating a simulator is
roughly 10% of the cost of operating the real aircraft counterpart.

TCR= cost of operating the simulator ($/hr)
cost of operating the actual equipment ($/hr)

(9.2)

The resulting Cost Effectiveness Ratio (CER) is represented by Equation (9.3)[68]. If the CER > 1, cost effective
training can be achieved.

𝐶𝐸𝑅= 𝑇𝐸𝑅𝑇𝐶𝑅 (9.3)

A different way of quantifying training effectiveness is the incremental transfer effectiveness function (ITEF). In
his 1971 paper, Roscoe explains the ITEF with the aid of an example [69]. The idea of ITEF is that one hour of
training in a simulator can savemore thanonehour of pre-solo flight training, butwith increasing simulator hours,
the added effect becomes less [69].
In order to determine the ITEF, first, the basic transfer computation must be understood. This can be found in
Equation (9.4)[69].

𝑌፨−𝑌፱
𝑌፨

(9.4)

Where 𝑌፨ is the time required in the aircraft for flight training without any training enhancement and 𝑌፱ is time
required for flight training after the introduction of TE items [69]. 𝑌፨−𝑌−𝑥 represents the hours saved in flight
training by the introduction of TE items. When dividing the saved hours by the initially required hours 𝑌፨, the
transfer percentage can be determined. The transfer percentage will be used throughout this section in order to
account for the TE package’s added training effectiveness. The CTEF is then defined as Equation (9.5). The 𝑋
represents ”the total time required by the experimental group to achieve a performance criterion”.

𝐶𝑇𝐸𝐹= 𝑌፨−𝑌፱𝑋 (9.5)

𝑌፨ and 𝑌፱ are identical to those explained in Equation (9.4). Finally, the ITEF is defined as Equation (9.6).

𝐼𝑇𝐸𝐹= 𝑌፱ዅጂ፱−𝑌፱Δ𝑋 (9.6)

94URL: https://www.telegraph.co.uk/travel/comment/how-to-get-a-private-pilot-license/, LA 15-06-2020
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The unknown Δ𝑋 represents the incremental unit in time, 𝑌፱ is identical to that described in Equation (9.4) and
𝑌፱ዅጂ፱ is ”the amount of time required by an experimental group to reach a performance criterion after 𝑥 −Δ𝑥
training units” [69]. With increasing hours of ground training, the TER decreases. A different paper by Roscoe
[70] led to the conclusion that 11 hours of ground training in a simulator are the optimum - on average - before
the TER drops below 1[70].
ARGlasses- EpsonMoverio BT-300
It was proven that when using AR glasses, pilots experience a significant decrease in their reaction time when
faced with an emergency situation [60]. This has been demonstrated by testing two distinct groups of pilots in
a fixed base Airbus A320 simulator. Group A would be wearing the Microsoft HoloLens AR headset which would
display the instructions that needed to be followed, while group B simply received their instructions on the Elec-
tronic Centralised Aircraft Monitoring System (ECAM). After the instructor has initiated an engine fire during the
descent, the time needed for each pilot to follow the instructions to handle this event wasmeasured. Themedian
time of group A was 29.5 seconds, while the median time of group B was 43 seconds. This means that using
the Microsoft HoloLens headset increased the efficiency of completing the series of tasks by 31.4%. This proves
that utilising AR glasses has great advantages when training emergency situations and also improves the overall
training effectiveness by helping the student complete a series of tasks/checklist in significantly less time. In
order to quantify the amount of time thatwould be overall saved by introducing this technology in the cockpit, the
predictionmade by Adventia European College of Aeronauticsmay be used: by employingGoogle Glass, amodel
comparable to the chosen Epson Moverio BT-300, they predict that the students will save 10% of their overall
training time95. This time will be saved by providing the students with fast, easy access to information such as
checklists, real time weather data as well as updates of notices to airmen (NOTAMs) etc. by displaying these in
front of their eyes, rather than on paper. Furthermore, the added benefits of the Epson Moverio BT-300 are that
it may act exactly as a HUD: it may display instantaneous flight data, such as the airspeed, angle of attack, flight
path, as well as guide the student using Highway-In-The-Sky technology. Thus, it is safe to assume that these AR
glasses will provide at least a 10% increase in training efficiency.
Debrief Software
In terms of the debrief procedure, there are clear links between thoroughly completing it using a debrief software
andan increase in theefficiencyof the trainingandperformance. Ameta-analysis concluded thatawell performed
debrief proceduremay lead to a 20-25% improved individual performance[71]. Furthermore, it is estimated that
the quality of the debrief procedure contributes towards 33% of the efficiency of training in a flight simulator96.
If proper debriefing is performed, it is clear that the time spent during actual flight training will be used more
efficiently[72]. However, no estimates for the exact time thatwould be saved by implementing a debrief software
in the training procedure have been found. This is mainly due to the fact that it is necessary for the student pilot
to also invest personal time in proper debriefing procedures: in addition to using the proposed debrief software,
CloudAhoy, right after the flight, possibly together with the instructor, they are also advised to utilise it to review
their flight at home, in preparation for the next flying lesson.
Mixed Reality Headset
According to [73], flight simulators that combine visual andmotion simulation have amean transfer ratio of 38%.
By turning theaircraft itself intoanactual flight simulator (by implementing theFusedReality conceptwith theHTC
VIVEProEyeheadsetandtheZEDminicamera,aspreviouslydiscussed), themotionwillbesignificantlymorereal-
isticwhenperformingcertainmanoeuvres than inany fullmotionbasedgroundsimulator. Thus, itwill beassumed
that the added training effectiveness provided by themixed/fused reality unit is at least 38%. However, this does
not mean that this estimate would lead to a 38% saving from the overall flight training time, as this mixed reality
headsetmayonly beutilisedwhenan instructor is on-boardand itwillmost probably beusedonly for a segment of
the flight, when certain manoeuvres need to be trained. This aspect will be elaborated upon later in this section.
Electronic Flight Bag
Regarding the use of electronic flight bags on-board during flight training, it is apparent that this increases the
performance of the student pilots in several areas, such as interpretation of charts, acquiring information from
NOTAMs andweather products aswell as the flight information/overall awareness by 15%-20%on average [74].
Furthermore, a lot of studies have been found that the electronic flight bags contribute towards an increase in
the pilot efficiency 97, as a significantly reduced response time was registered when using the EFB as opposed
to paper printed resources [75], leading to reduced overall flight time98. However, no actual quantification of
95URL: https://aeriaa.com/on-the-use-of-google-glass-in-pilot-training/, LA 12-02-2020
96URL:cefa-aviation.com/how-to-consequently-improve-the-quality-of-debriefing-digital-age-debriefing-2-0-2/,
LA 15-06-2020

97URL: https://fluix.io/case-study-titan, LA 16-06-2020
98URL: https://www.bytron.aero/aviation-news/benefits-of-the-electronic-flight-bag, LA 16-06-2020
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the amount of training time saved by using this technology was found. Thus, an estimation of the overall time
saved by introducing the EFB on board of theDragonfly shall be used. The EFB is used for displaying various flight
information, inasimilarwayastheGoogleGlass. Aspreviouslystated, thepredicted increase inefficiencyprovided
by theGoogleGlass is 10%. Themaindifferencebetween theGoogleGlass and the iPad that represents theEFB is
the fact that the former displays flight information right in front of the pilot’s eyes, while the latter implies that the
pilotwill be lookingdown. Even if thepilotneeds tomove theirhead inorder to read the informationon theEFB, it is
safe toassume thatusing this technologyonboardwill saveat least 5%of the timeof anormal flight lesson,where
the student would need to search through heavy textbooks and largemaps to obtain the desired information.
Glass Cockpit
The implementation of a glass cockpit is useful in enhancing training effectiveness. According to a study con-
ducted by the FAA [76], in which two groups’ flight training was investigated: one that trained using a traditional
syllabus in ananalogueaircraft andone in anaircraftwith aglass cockpit. The implementationof aglass cockpit in
flight training of the PPL and IFR saved 34% of training hours. The traditional group of flight training - consisting
of 449 students - took 134.3 flight hours from zero experience to their IR license. For the same license, the glass
cockpit group - consisting of 97 students - took 88.7 flight hours [76]. By interpolating the data presented in [76],
it was found that the group training on the aircraft with a glass cockpit needed 14% less hours to complete their
PPL level training when compared to the control group. Thus, it will be considered that the added effectiveness
of introducing a glass cockpit is 14%.
Modular Cockpit
In2017 theSwiss companyAlpinAirPlanes in collaborationwith theSlovenian companyPipistrel havedesignedan
ab-initio flight training programme that mainly relied on the use of the all electric Pipistrel Alpha Electro aircraft.
The aircraft was distributed to 10 different flight schools in Switzerland. It was reported that, in order to help
the students familiarise with the combustion engine aircraft technology that they would most likely encounter in
their future career, 10% of the total flight training time was required to be spent on-board the Alpha Trainer, the
combustion engine version of the Alpha Electro 99. By having amodular cockpit that can emulate diverse charac-
teristicsofacomplexcombustionengineaircraft (thesimulatedenginecontrols, thesoundsystem,simulatedgear
lever, etc.), it may be assumed that the Dragonfly will thus provide an increase in training effectiveness of up to
10%whencompared to its competitor, theAlphaElectro, as 10%of theoverall flight training timemight be saved.
Stress Level Monitor
While stress level monitoring can not directly increase training effectiveness, it can be used to track a student
pilot’s stress level in order to judge their confidence with certain situations and manoeuvres and possibly tailor
their fight training accordingly. According to the US Air Force’s human resources laboratory [64], flight students
learnmost efficiently atmoderate stress levels. On the contrary, high levels of stress result in the increase in time
required by the student to acquire a certain skill [64]. The performance increase under moderate stress levels is
based on the levels of epinephrine and norepinephrine in the student’s body. No exact data on quantifying the
effectiveness of stress level monitoring during flight training was found.
VRUnit Simulator
Regarding the VR unit simulator that will be offered as part of the ground segment of the TE package, data on
the added training effectiveness was collected from a study that was comparing two pilot training strategies for
the US Air Force: the original Undergraduate Pilot Training (UPT) programme and the Pilot Training Next (PTN)
programme[55]. Themaindifferencebetweenthetwowasthe implementationof theVRunit simulator in thePTN
programme. According to the study, the reduced number of aircraft and instructors required for training, due to
the implementationof theVRsimulators, represents themainadvantageof thePTNprogramme. Thus, theadded
training effectiveness of the VR unit simulatormay be quantified by comparing the amount of flight hours needed
for the students to complete the training during the original UPT programme to the one needed to complete the
PTNprogramme. Following from [55], UPT students needed on average 117 hours in a T-6 aircraft, while the PTN
studentsonlyrequired65traininghours inthesameaircraft. Thus, itcouldbeconcludedthat thetrainingefficiency
increasedby44.44%,and themain contributing factor to this result is the implementationof theVRunit simulator.
However, taking into account that military training is usually more intensive than general aviation training, the
usualPPLstudentswill notuse theVRunit simulator for thesameamountof timeas thestudentpilotsbeing trained
by themilitary. Thus, amoreappropriateestimate for the increase in trainingeffectivenessprovidedby theVRunit
is 25%,which corresponds to the transfer percentage of a flight simulatorwith nomotion base, according to [77].
Quantifying the Overall Training Effectiveness
In order to determine the overall increase in training effectiveness, the previously determined potential training
effectiveness increases were multiplied by an ”usage factor”. The ”usage factor” quantifies during how much of
99URL: http://www.alpha-electro.ch/en/, LA 16-06-2020
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the training this TE itemcanbeused. In order to determine this, a syllabus by theVliegschool Hilversumwasused
100 which splits the 45minimum required hours into four phases. In total this syllabus consists of 10 hours of solo
flight time and 35 hours of dual flight time. The usage factors are based on the assumption that student pilots will
only require the prescribed 45 hours to complete their PPL training. The amount of hours that are stated to be
saved by using each of the in-flight TE item is calculated based on the 60 hours average needed by usual student
pilots to finish their PPL training.
The usage factor for the AR glasses was deemed to be 33.3%, as it is considered useful for 15 of the required
45 hours. It is expected that the student will not use if for the very first flight hours, but that it will be useful in
many flights in which the VR/mixed reality headset cannot be used, which includes many of the solo hours. The
AR glasses can show the flight student data similar to that of a HUD, for example airspeed, angle of attack, pitch
and Highway-In-The-Sky. The total amount of time saved for the student pilot is therefore 2 hours in total.
For themixed reality/VR headset, the usage factor was set at 15%. As it cannot be usedwhen flying solo, and it is
not useful for someof the dual lessons as the student cannot become too reliant on it, it will be used for 6.75 hours
of flight training. Mostly, it will be used for stall training in order to simulate that the ground is closer than it really
is, it will be used to train nearmisses, approaches towards a simulated runwayat altitude, and alsoworseweather
conditions. It may also be used in certain segments of the cross-country flight lessons, in order to simulate a
different terrain, such as mountains, in front of the student and perhaps certain obstacles like birds. It therefore
saves the student around 3.4 hours of flight training in total.
The EFB, which comes in the form of an iPad with EasyVFR 4 installed, will be used in every single lesson and
for solo flight, as well as beyond the PPL training. It will be used in order to plan flights and display checklists.
Therefore, its usage factor is 100% and it saves the student up to 3 hours in flight training.
As glass cockpits are becoming standard equipment onmore andmoreGAaircraft, it is likely that it will not greatly
increase the training efficiencywhen compared to amodern standard trainer aircraft. In comparison to the train-
ing performed solely on an aircraft with a traditional steam gauge cockpit, however, it is expected to save 8.4
hours of flight time. Furthermore, many pilots will proceed to train for their IFR license, in which the glass cockpit
has an even higher training efficiency than for the PPL [76], and can save 34% of flight time.
The modular cockpit, used to train students how to fly a complex combustion engine aircraft, will also be used in
100% of the flight lessons. It saves 10% of training time, as no additional lessons are hence required to change
from the electrical to a combustion engine aircraft. In total, this therefore saves an estimated 6 hours of training.
Furthermore, it allows for relatively cheap training time on a complex aircraft for the commercial pilot’s license.
The VR simulator has a training efficiency of 25%. This means that every hour flown in the simulator is equal to
1.25 hours in the real aircraft. Most flight schools do not heavily utilise simulators for basic PPL training, but with
a very low operating cost and a high profit margin, it is deemed a useful added training item. It is expected that
five hours in PPL training will be flown on the VR simulator, resulting in 1.25 hours of total saved time in the air.
An overview of the increase in training effectiveness provided by each item, their usage factor, weighted training
effectiveness and amount of hours saved from the average 60 hours may be found in Table 9.10.

Table 9.10: Overview of the training effectiveness of each item and the amount of flight hours it would save.

Item
Increase in
Training

Effectiveness
Usage
Factor

Weighted Increase
in Training Effectiveness

Amount of
Hours Saved

AR Glasses 10% 33.33% 3.33% 2
Mixed Reality Headset 38% 15% 5.7% 3.4
EFB 5% 100% 5% 3
Glass Cockpit 14% 100% 14% 8.4
Modular Cockpit 10% 100% 10% 6
VR Unit Simulator
(assuming 5 hours of use) 25% 8.33% 2.08% 1.25

By using the data in Table 9.10, it may be estimated that, without accounting for the interaction between the dif-
ferentTE items, theoverall increase in trainingeffectivenessof theDragonfly, providedby theTEpackage,will be:
� 30%when compared to a normal combustion engine trainer aircraft that is not equippedwith a glass cock-

pit (the percentage accounts for all items apart from themodular cockpit, as the normal combustion engine
trainer would not need this extra feature);

� 16%when compared to a normal combustion engine trainer aircraft that is equipped with a glass cockpit
(the percentage accounts for all items apart from the glass cockpit and themodular cockpit);

100URL: https://www.vliegschool-hilversum.nl/en/flight-training/, LA 17-06-2020
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� 26%when compared to competitive electrical trainer aircraft (the percentage accounts for all items apart
from the glass cockpit, as electrical trainer aircraft are usually equipped with this type of cockpit).

9.12. Cost-Benefit Analysis of TE
In this section, thecostbenefitof the items in theTEpackagewill beanalysed. Nowthat theamountofhourssaved
byeachTE itemhasbeenestablished, this informationmaybeused inorder toestimate theamountofmoney that
the student pilot may save by training in the Dragonfly and making use of its TE package. From Section 11.4.1,
it follows that the direct costs of the aircraft are roughly 20€/hr. As it is difficult to give rental prices (depending
on all the utility/standing prices) a rental price of 100€/hr is assumed. This is chosen conservatively so that the
actual business case for the flight schools will be improved. By multiplying the amount of hours saved by using
each TE item by the hourly rental cost of the aircraft, the total amount of money that may be potentially saved by
the student is obtained. Thus, by choosing to train for their PPL in theDragonfly, the studentmay save (excluding
the additional amount that would be economised by not having to hire an instructor for the saved hours):
� 1806.8€whencompared to the total cost of PPL training inanormal combustionengine trainer aircraft that

is not equipped with a glass cockpit (this amount accounts for the use of all items apart from the modular
cockpit);

� 966.8€when compared to the total cost of PPL training in a normal combustion engine trainer aircraft that
is equipped with a glass cockpit (this amount accounts for the use of all items apart from the glass cockpit
and themodular cockpit);

� 1566.8€ when compared to the total cost of PPL training in a competitive electrical trainer aircraft ((this
amount accounts for the use of all items apart from the glass cockpit).

Thus, from the student pilot’s perspective, adding the TE items would be highly favourable as it would lead to
considerable cost reductions. In addition to this, at this moment, only 22.22% of the flight hours in the 45 hours
PPL training syllabus used by the Vliegschool Hilversum101 are performed solo. By having a removable instructor
seat, as well as ”remote control” capabilities (providing the on-ground instructor with real time flight data and
ensuring communication between them and the student pilots, at least during the most critical phases of the
flight, such that assistance and guidance may be provided to the students), the percentage of solo-flight may
be significantly increased. Thus, by having multiple students sharing one instructor for the duration of a flight
lesson, even more money may be saved by the student during training. If, for example, the percentage of solo
flight hours is extended to 50%, assuming that the cost of hiring the instructor for one flight lesson is 75€, and
that by employing the new ”remote control” technology an instructormay supervise 4 students at the same time,
each student will save an additional ኽኾ ⋅

኿ኺዅኼኼ.ኼኼ
ኻኺኺ ⋅45ℎ𝑟𝑠⋅75€/𝑙𝑒𝑠𝑠𝑜𝑛=703.2€.

However, when considering the cost benefit from a flight school’s perspective, it becomes more clear why such
training enhancement items haven’t been implemented on training aircraft so far: by having the students finish
their training faster, the flight schoolswill notmake asmuch profit, as theywon’t be able to charge students for as
many flight hours. Furthermore, flight schools may be concerned that if the students finish their training faster,
theywill leave theschool earlier and thatat somepoint in time therewill beashortageof students, potentially even
leading to putting the flight school out of business. In order for the flight schools to profit frompurchasing/leasing
an aircraft with training enhancement items, a high inflow of newpeople interested in acquiring a PPL needs to be
ensured. Even though the flight schools may be sceptical of purchasing an electrical aircraft (35.8% of the par-
ticipants in the previously discussed questionnaire admitted that they were not interested in buying an electrical
aircraft), it is clear that the trendof thenew technology is to beas sustainable andas eco-friendly as possible, thus
opting for electrical alternatives. Flying may nowadays be considered as old-school sometimes, as well as ex-
tremelyexpensiveandhighlypolluting. Byoffering thisnewelectrical traineraircraft,whichhas significantlymore
affordable rental prices, has exciting new technology implemented on-board (such as the Fused Reality concept
whichcanactually turntheaircraft intoan in-flightsimulator, theuseofARglasses,etc.), theabilityofpreparingthe
studentseven for flying inacomplexcombustionengineaircraft, negligiblenoiseemissionsandzero tailpipeemis-
sions, as well as enough endurance for efficient flight training, the team is confident that more and more people
will become interested in flying. Thus, even if the implementation of the TE itemsmaynot be desired as of nowby
most flight schools, it ispredicted that thiswill becomeprofitable for thematsomepoint in thenotsodistant future.

9.13. Further Recommendations
In this section some further recommendations with regards to the TE package will be discussed.
Experiment to Quantify Added Training Effectiveness of the Dragonfly
In Section 9.11, it became clear that for some TE items, no conclusive studies have been performed in order to
assess just how many hours can be saved during PPL training by using them. In order to quantify the added
101URL: https://www.vliegschool-hilversum.nl/en/flight-training/, LA 18-06-2020
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training effectiveness of the TE package of the Dragonfly as a whole, an experiment is proposed.
The experiment will take two groups of at least 10 people with no prior flying experience who wish to complete
their PPL. The control groupwill be completing their PPL training according to a standard flight school syllabus, on
a standard trainer aircraft such as the Cessna 172 Skyhawk or the Diamond DA40, that is not equipped with any
training enhancement items. Whether the control group aircraft should have a glass cockpit or not will be based
on the definition of a ”standard” trainer aircraft at the time of performing the experiment. The control group will
also use a syllabus which is determined as ”standard” at the time of performing the experiment.
Theexperimentalgroupwillperformallof their trainingwith theDragonflyand itsTE items,aswellas thesimulator,
and thepossible changes inground trainingwhichweredeemedoutof the scopeof this research. Theexperiment
will recordhowmanysetbacksper lessononaverage students experiencewhencomparing theDragonflymethod
to the standard method. A setback is defined as a lesson which needs to be retaken because the student did not
satisfy theperformance requirements of this lesson [76]. Theuseof this setbackmethodwill show inwhat phases
of PPL training which one of the training methods is more effective. The final average total number of hours
the students need in order to receive their PPL in each of the aircraft will then be evaluated and compared. The
expected percentage of savings in flight hours can be found in Section 9.11. If the average flight hours taken to
achieve thePPLdrops to less than the requirednumberofhours, thedifferencebetweenthesecanbeused inorder
to re-train manoeuvres and can aid the pilot in becoming more proficient at flying. Furthermore, the pilot could
already get more familiar with the basics of instrument flying before commencing training for their IFR license.
Portable Instrument Panel
Inordertobeabletosimulateanotheraircraftwhile in-flight,andtomakethesituationasrealisticaspossibleforthe
student pilot, a separate instrument panelmay be inserted in the cockpit, in front of the original instrument panel.
Thisadditionalpanelwill occupy roughlyhalf of thecockpit’s space. Acamerawill be installed, facing thehalf of the
cockpitwhere theoriginal instrumentsmaybeseen. The true flightdata registeredby thecamerawill bedisplayed
on the instruments of the additional panel. This extra-panel will be used in combination with the AR/VR headset,
the VIVEPro Eyewithmounted ZEDmini camera, in the followingway: the addedpanel and the original panelwill
be linedwithcoloured tape, toenablechromakeycomposting. The livevideoof thesectionof thecockpitoccupied
only by the additional panel will be left unaltered, while its surroundings will be transformed in order to emulate
the cockpit of a different aircraft. In this way, the student may benefit from an immersive experience piloting, for
example, theCessnaCitation II,while still onboardof theDragonfly. Adding to this, as theaircraftwill beequipped
with electrical propulsion, the power output from the engines may be easily altered in such a way as to emulate
the performance of a different aircraft and to further increase the training effectiveness. The addition of the extra
instrument panel will improve the business case for the flight schools, as it would enable the students to train for
multiple, potentiallybigger, aircraftmodelsusingonly theDragonfly. Thus, the flight schoolwill benefit immensely
by not having to purchase additional aircraft in order to allow students to train for more advanced pilot licenses.
Virtual CFI
By implementing a reliable virtual CFI, the percentage of dual flights will be lowered significantly, meaning that
both the students aswell as the flight schoolswould benefit fromsaving the cost associatedwith hiring an instruc-
tor. As the timeallocated for completing thepresent projectwas limited, no softwarewasdeveloped for the virtual
CFI as of now. However, if the time resources would be extended, the team plans on developing a software that
would allow the student to be guided during their entire training and that would help thembuild healthy habits by
pointing out their mistakes as soon as possible in the process.
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10
Final Design
This chapter will summarise the final design which is created by integration of the subsystem designs, and it
discusses the future of this project. Section 10.1 shows the communication diagram of this aircraft, which shows
air-to-air, air-to-ground and air-to-satellite communications. In Section 10.2, the integration of the subsystems is
explained. Section 10.3 shows a summarising table with all the final design parameters, along with drawings. In
Section 10.4, the sustainability aspect of the Dragonfly is explored. Section 10.5 explains the verification and val-
idation strategies for the entire aircraft, Section 10.6 explains possible certifiability issues and finally, Section 10.7
contains the technical sensitivity analysis of this project.

10.1. Aircraft Communication
This section describes the aircraft’s communication with the ground, other aircraft and satellites. The communi-
cation diagram of the Dragonfly can be seen in Figure 10.1.

Figure 10.1: Communication Diagram of the Dragonfly.

Therearethreemaincommunicationtypes inwhichthepilotandtheaircraftengage; theair-to-aircommunication,
air-to-ground-communication and the aircraft-satellite communications.
The air-to-air communication between the Dragonfly and other aircraft works by VHF radio, in which pilots can
talk to each other as long as they are on the same frequency andwithin a certain radius. Furthermore, the ADS-B
out system installed onmostmodern aircraft transmits its location and speed datawith at least 1𝐻𝑧, so that it can
be seen on other aircraft’s traffic screens.
The aircraft satellite communications are very simple. The ADS-B system fetches its position and velocity data at
a frequency of at least 1𝐻𝑧 from the satellite. ADS-B is commonly used and unlike radar also functions when no
direct line of sight is present 1. Its ground stations are also cheaper to maintain than those required for radar.
The most complex form of communication occurs in the air-to-ground communication. The pilot communicates
with the tower, during most of the performed training this will be the tower at the location of the flight school. As
discussed inSection9.12, the flight instructorwill not alwaysbe in theaircraft’s passenger seat. Whensupervising
studentsfromtheground, their flightdatawillbetransferredinreal timetoacomputeronwhichtheflight instructor
can see the instruments and talk the student out of a dangerous situation using the on-board VHF radio. Further-
more, the air traffic control station and the accompanying radio station transfer ADS-B in data to the aircraft in the
vicinity,whichmostoften include traffic dataof aircraftwithoutanADS-Bout transponderaswell asweather infor-
mation. For navigation purposes the aircraft communicates with VOR/DMEs which help it determine its location.
1URL: https://www.faa.gov/nextgen/equipadsb/capabilities/ins_outs/, LA 19-06-2020
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10.2. Integration of the Subsystems
The following section describes how the aircraft systems are integrated. First, the design iteration process is
explained in Section 10.2.1. In order to showhow the cockpit items interact with themain hardware components
of the aircraft’s subsystems, a hardware diagram has been generated and may be found in Section 10.2.2. Fur-
thermore, to show the integration of themain software components within the aircraft, a software block diagram
is provided in Section 10.2.4.
10.2.1. Subsystem integration & design iteration
After the preparation of all subsystem designs & analyses in the previous chapters, the subsystems were in-
tegrated by integrating all tools into a single python program and subsequently iterating this until the take-off
weight converged. For the initial input parameters, where necessary, the inputs from the midterm design or
class II estimates were used [1]. First, the design point from the midterm design phase was calculated one-off.
Then the iteration loop was initiated with the sizing of the wing and the calculation of aerodynamic properties of
the airplane, as described in Chapter 6. This is followed up by the sizing of the battery and power group from
Chapter 8. A subloop was then initialised to calculate the centre of gravity and do the tail sizing from Chapter 7
until the tail size converged. Next, a structural weight estimate is obtained using the structural analysis tools from
Chapter 5. This is finalised by the calculation of remaining airplane systems (such as control surfaces and landing
gear) and a new take-off weight estimate is made by combining all the obtained weights (including cockpit items
&other electronics). This is then fed back into the design point, and the design is iterated until the take-offweight
converges. The results of this are shown in Table 10.1.
10.2.2. Hardware Diagram
The hardware block diagram of the Dragonfly is presented on Page 119. This diagram explains the interaction
between thedifferent items included in thecockpit (including items found in theTEpackage, suchas thesimulated
gear lever and propeller/mixture controls) and the control surfaces, the engine, multiple sensors placed on the
fuselage used for acquiring flight information, aswell as the lighting system. The type of connection between two
elements- wire, actuator, type of cable/line- is specified on the arrow linking them.
10.2.3. Data Handling Diagram
Figure 10.2 shows the data handling diagram of the Dragonfly. It shows how data flows between the different
hardwarepoints. Theblocksrepresent thehardware itemsandthearrowsshowthedatathat flowsbetweenthem.

Figure 10.2: Data Handling Diagram of the Dragonfly.
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10.2.4. Software Diagram
The software block diagram of the aircraft may be found in Figure 10.3. This diagram showcases the main
software/data processing components of the aircraft. The arrows going into a certain block represent the in-
put received by the component while the arrows coming out of the block represent the output produced by the
component.
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10.3. Aircraft Parameters & Design
After integration and iteration of the design, the final specifications of the aircraft are listed in Table 10.1. This
results in the aircraft design as visualised in Figure 10.4.

Table 10.1: Final design parameters of the aircraft

Parameter Value Unit
Maximum take-off weight 883.9 𝑘𝑔
Battery weight 291.9 𝑘𝑔
Maximum payload weight 200 𝑘𝑔
Stall speed 23.15 𝑚/𝑠
Max speed 61.7 𝑚/𝑠
Take-off speed 26.46 𝑚/𝑠
Maximum range 310 𝑘𝑚
Maximum endurance + reserve (max passengers) 2.5 ℎ
Take-off distance (including 50ft climb) 500 𝑚
Glide ratio 19.33 −
Aircraft length 9.5 𝑚
Centre of gravity range 2.44 - 2.86 𝑚
Weight-to-power ratio 12.33 𝑘𝑔/𝑘𝑊
Maximum power 71.68 𝑘𝑊
Propeller diameter 1.8 𝑚
Wing surface area 14.65 𝑚ኼ
Wing aspect ratio 10.1 −
Wingspan 12.16 𝑚
Mean aerodynamic chord 1.262 𝑚
Airfoil type NACA 4415 −
Horizontal tail surface 3.27 𝑚ኼ
Vertical tail surface 1.22 𝑚ኼ

(a) Drawing of the final aircraft design

(b) Rendering of the final aircraft design

Figure 10.4: Visualisation of the aircraft design

10.4. Sustainability
In Chapter 3 is mentioned what steps should be taken to ensure sustainability throughout this project. The first
requirement was that the aircraft should fill a sustainability gap in the market of current trainer aircraft. This is
requirement is met as there is not an electric trainer aircraft that is adopted on large scale by flight schools. The
second requirementwas about the sustainability of thematerials, due to the cost constraints of this project it was
decided in a trade-off that not the finest materials will be used. The lean manufacturing that was mentioned in
requirement three will be implemented in the production plan. Regarding the operational life of the aircraft it is
expected that the lifetimecanbestretchedthesamewayas forconventional trainersasall theaircraft components
can be replaced. Only the tail shoul be handled carefully as composite thermosetmaterials are difficult to replace.
This means that if the tail is damaged, probably the whole tail needs to be replaced. The last requirement was
about the end-of-life plan, it is briefly touched upon in Section 13.1.3 what the possibilities are.
10.4.1. Compliancematrix
In Table 10.2 the compliancematrix of the sustainability development strategy can be seen.
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Table 10.2: Compliance matrix for the sustainability development strategy

Identifier Requirement Obtained
value

Require-
ment met?

ELTA-SUS-
01

The aircraft concept shall fill a sustainability gap in the market of
current trainer aircraft for initial pilot’s training.

* !

ELTA-SUS-
02

The materials used for the aircraft concept shall be selected
based on a trade-off between material performance, cost and
environmental impact.

* %

ELTA-SUS-
03

Lean manufacturing shall be applied during the production of the
aircraft concept.

* ≈!

ELTA-SUS-
04

The aircraft concept lifetime shall be at least the same as current
trainer aircraft.

* !

ELTA-SUS-
05

An end-of-life plan shall be made for the aircraft concept. * !

10.5. Verification and Validation
Before the Dragonfly may enter the mass production phase, a prototype of the aircraft shall be built in order to
be tested. Themethods of verifying and validating the individual subsystems of the aircraft have been previously
discussed. After the subsystems have been tested individually, it will be time to verify their integration in the
form of system tests of the whole aircraft. Thus, the built prototype will undergo a series of ground tests first,
before being cleared for flight testing. If the two testing phases are successfully completed, the Dragonfly may
be considered for certification and, ultimately, production and market deployment. The two testing phases will
be discussed into further detail.
GroundTesting. An important part of theground testingprocess is representedby structural static tests. These
typically include a Flight Test Installation (FTI) calibration test and maximum wing bending at limit load 2. Fur-
thermore, it will be assessed whether the ailerons function correctly under maximumwing bending. Other tests
that may be conducted on the ground include flight cycle simulation, as well as fatigue testing. Although these
last two types of tests aremostly encountered in the context of large aircraft, as the Dragonfly is a trainer aircraft
and thus the safety aspect is highly important and a reliable aircraft is desired, these tests shall be conducted
too. Furthermore, the functioning and the calibration of the avionics/cockpit instruments shall be verified first
on the ground. In addition to this, in order to verify the fulfilment of the MTOW requirement, as well as other
requirements related to this, weight and balance testing will be carried out. During these tests, the weight of the
aircraft will be assessed, as well as its c.g. excursion.
Flight Testing. Once all the ground tests have been successful, it is time to test the prototype of the Dragonfly
in the air. The flight testing phasewill be comprisedmainly of flight performance testing and stability and controls
testing. For the first category, flight performance parameters, such as endurance, rate of climb and range will be
assessed. The obtained valueswill be then be used to evaluatewhether the previously imposed requirements are
truly fulfilled. These tests will be highly important as they serve in assessing some of the driving requirements of
the project. Furthermore, for stability and control testing, parameters such as the stall speed, encountered wing
flutter, the functionality of the control surfaces during flight as well as the responsiveness of the aircraft to the
pilot’s inputwill be verified and validated. Furthermore, certain emergency scenarios, such as the engine out, will
be initiated and evaluated. Also some extreme weather/temperature testing shall be performed. As the aircraft
is equippedwith electric propulsion and thus the risk of fire hazard due to the batteriesmay be considered higher
than fornormal combustionengine traineraircraft, it is important toperforma flight test inhotweather conditions.

10.6. Certifiability Issues
Certification is one of the most important aspects during the design of the Dragonfly as it is a costly process and
because it determines under what conditions the aircraft will be allowed to fly (day VFR. night VFR, IFR, etc.)
The ultimate goal is to certify the aircraft under CS-23 which is applicable to normal, utility, aerobatic, and com-
muter aeroplanes [78]. To cut the costs on certification it was decided in [2] to initially certify the aircraft under
CS-VLAwhich is applicable to aircraft weighing notmore than 750 kg, have a single spark or compression ignition
engine, have not more than two seats, have a stalling speed in landing configuration not exceeding 45 kts CAS
and are approved for day-VFR only.
Issues that will arise during the certification process of the Dragonfly are the following:
MTOW. From the performed iteration it became clear not all requirements could be met. The combination of
endurance and MTOW was not achievable. Due to the higher certification costs of going to CS-23 (40% more
2URL: https://www.airbus.com/aircraft/how-is-an-aircraft-built/test-programme-and-certification.
html, LA 21-06-2020
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costs according to DAPCA-IV) where the take-off weight can be increased to 5700kg it was decided to stick to the
750kg and downgrade the endurance of the aircraft. As the density of batteries keeps on increasing it is just a
matter of time before the endurance will meet the required 2.5 hours.
Single Spark or Compression Ignition Engine. The Dragonfly will have two engines while for CS-VLA only
oneengine isallowed. Besides, theengine iselectric, hencenosparkorcompression ignitionengines. The latter is
no issueas recently, the first fully electric aircraft (Velis Electro) hasbeen certifiedunderCS-LSA 3. AlthoughVLA is
another category it is assumed theknowledgeof thecertificationprocessof theVelis Electro canbeused. Theonly
issue that remains is the fact theDragonfly has twoengineswhichwill be controlledbya single lever in the cockpit.
For conventional combustion aircraft thiswould be nearly impossible to certify due to the high complexity. For the
Dragonfly however just one signal goes to the engine from the inverterswhich tell what power is needed. As there
areseveralbackups,whichcanbeseeninFigure8.8, it isassumednotmuchextracostswillgo intothecertification.
Batteries. For the batteries no issues will be expected as recently the first electric aircraft with batteries is cer-
tified (see previous item). This has opened the gate for other manufactures to also design electric aircraft with
batteries and certify those.
Contra-rotating propeller. Probably the largest issue during the certification is the fact the Dragonfly has a
contra-rotating propeller system. In CS-VLA no such aircraft exist. Within CS-23 there exist aircraft that use a
counter rotating propeller system (pull - push) such as theCessnaSkymaster, however there are noCS-23 aircraft
that use the contra-rotating propeller system. Due to the combinationwith electric engines it is expected that the
certification process will be easier. The interaction between the propellers will be thoroughly investigated using
the test plan written in Section 8.5.6.
Training enhancement. As long as an instructor is sitting next to the student no certifiability issues are ex-
pected. Only when the student is allowed to go solo when he would not be ready for this without the TE issues
could arise. If the student for example has to rely on the instructions how to land from the virtual instructor this
wouldmean an enourmous amount of software testing and test flying. Only certifying an autopilot will takemore
than 100 hours of test flying according to Garmin 4.
Night flying. To be able to fly at night the aircraft needs to be certified under CS-23. This will be the ultimate
goal. To anticipate on this cockpit lights are already included. Navigation lights, outside air temperature indicator
and an alternate static source will need to be added to the aircraft 5. An advantage of the Dragonfly is that it has
two engines, so if one would fail, one can still continue to fly safely to the nearest airport.
IFR flying. IFR certification will not only result in higher certification costs, but also higher operational costs as
maintenance will increase. Therefore, only simulated IFR practice will be done in the Dragonfly. Maybe it will be
possible to certify it as an IFR simulator in which the AR-glasses will draw cloud layers for the student pilot.
10.7. Technical Sensitivity Analysis
After the iterationshadbeenperformedtocomeupwiththefinaldesignparametersasensitivityanalysisneededto
beperformed. This canbeseen inFigure10.5. In the figure it canbeseen that the rangeandwingletheightarenot
a limitingfactoras ithasno influenceonthemaximumtake-offweight. Theotherparametersdohavean influence.

Figure 10.5: Sensitivity Analysis of the entire aircraft

3EASA Press release, June 10, 2020
4Flieger Magazine Podcast: ’Alles über Autopiloten’
5https://vfrg.casa.gov.au/operations/night-vfr/aircraft-equipment-for-night-vfr/ LA: 21-06-2020
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11
Business Case
This chapter describes several business case scenarios based on the given requirements in Section 11.1. The
primary focus within this chapter is on the ELTA company and flying schools, but there will also be looked into po-
tentialprivateowners. Foranalysis, all scenarios takeplace in theNetherlands. As theNetherlands isanexpensive
country for flying (high fuel prices and relative high landing fees 1), the scenarios will be worst-case-scenarios.
The future of this project will not be limited to the borders of the Netherlands.

11.1. Requirements
� Dragonfly-USER-COST-01 - The aircraft shall have a unit cost of no more than €150K;
� ELTA-MAR-01 - The aircraft shall be refuellable/rechargable at 4-digit-ICAO-registered airports. This

requirement serves to comply with ELTA-FUN-MAR-02;
� ELTA-MAR-02 -The system shall be able to undergomaintenance at conventional maintenance facilities.

This requirement serves to comply with ELTA-FUN-MAR-03;
� ELTA-MAR-15 - The aircraft’s periodic propulsion replacement cost shall have a maximum of €5,000 per

1,000 hours of flight. This requirement serves to comply with ELTA-FUN-MAR-03;
� ELTA-MAR-16 - The peak aircraft operating cost shall be 50 €/hour. This requirement serves to comply

with ELTA-FUN-MAR-04.

11.2. Funding
To fund the Dragonfly project, two main ways of funding will be discussed, those being subsidies and partners.
These will be discussed in Section 11.2.1 and Section 11.2.2 respectively.
11.2.1. Subsidies
Bringing a new aircraft to themarket is a costly process, especially when new or unconventional concepts are in-
troduced such as electric engines, contra-rotating propellers and a single lever in the cockpit for two engines. The
Dutch government has set up an action program for hybrid electric aviation (AHEV) until the year 2070 together
with 26 parties from the aviation sector including the TU Delft. The government has the ambition of reducing
domestic GA emissions by 15% by 2030 with respect to 1990. In 2050, the goal is to have zero emissions in
domestic aviation, and by 2070, no more emissions shall be created by commercial flights. Innovation will be
performed by 2030 in a ’living lab’, which will consist of a collaboration with the Dutch government, the business
community and knowledge from research institutes like universities [79].
Currently, 376.5M€are put aside for thementioned ambitions for the period 2020-2025 ofwhich 45M€aremeant
for the general aviation sector. According to Mark Rademaker, who is a member of the board within the AHEV,
it is however too early to know howmuch of this money could be used for the Dragonfly project. He did say that
currently, 170k€are reserved for improving the infrastructureatDutchairports. Therefore, iswill beassumed that
the ELTA company, aswell as the buyers of the aircraft, will not have to invest inmodifying existing infrastructure.
11.2.2. Partners
To fund large scale projects the design and production of an aircraft, there is a need to search for partners. This
is done to have more money for the project and to reduce risks as it is spread out over multiple companies. The
ELTA company should therefore look for partners. Following Section 11.2.1, the government could be a partner
for the subsidies. Saluqi motors will build the engines for the Dragonfly and could, therefore, become a partner.
More companies that provide parts for the Dragonfly could become potential partners, as long as they are willing
to invest in the Dragonfly Project. To find partners or sponsors, the ELTA companymay consider visiting fairs like
the AERO in Friedrichshafen which is the largest show for general aviation 2.

11.3. ELTA Company
Tocomeupwitha cost estimate for theentire aircraft program, theDAPCA-IVmethodasdescribedbyGudmunds-
son [14] is used. While this method was created in 1986, the formulae were updated in 2012. To account for
inflationbetween2012-2020, theconsumerprice index isused 3,whichstated the inflationhasbeen1.13,or13%.
1based on own experience of the author
2https://www.aero-expo.com/aero-en/ (LA 19-06-2020)
3https://www.bls.gov/data/inflation_calculator.htm (LA 19-06-2020)
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11.3. ELTACompany

11.3.1. ProgramCosts
First, researchon comparable aircraftwasperformed, todeterminehowmanyaircraftGAmanufacturers typically
build per year. The results are shown in Table 11.1 4 5 6 7. The number of aircraft built by Cessna significantly
increase the average and are unrealistically high for the ELTA company. Based on the knowledge gained from
Section 11.2.1, that electric flying should be the norm for all general aviation in the Netherlands by 2050, a pro-
duction rate of 100 aircraft per year is assumed. In Table 11.2 the general input parameters for the DAPCA-IV
method are presented.

Table 11.1: Number of aircraft built per year

Aircraft # built per year
Alpha Electro 62.5
C150 1260
C152 948
DA20 71
Blackshape Prime 52

Table 11.2: DAPCA-IV method input parameters

Parameter Value Unit
AirframeWeight 392 kg
Max Airspeed 120 kts
Number of aircraft built
over 5 years 500 -
Inflation (2012-2020) 1.13 -

InTable11.3 thecosts for thecertificationprocessare listed. Oneshouldnote that theman-hoursmultipliedby the
hour ratedoesnotaddupto the total costvalueas theDAPCAmethodusesanadditional factor to includeoverhead
costs. If one is interested in this, please have a look at Gudmundsson [14]. Themethod is based on conventional
aircraft. The Dragonfly is everything except conventional due to its contra-rotating propeller and the electric en-
gineswith only one lever to control both engines. It is assumed, however, that due to thenumber of subsidies pro-
videdby theDutchgovernment, the costs reduce to the certification costs only as if it were a conventional aircraft.

Table 11.3: Certification costs

Cost Item Man hours $ per hour Total cost ($)
Engineering 26,220 90 4,948,300
Tooling 45,750 60 5,756,000
Development support 129,500
Flight test operations 43,400
Total 10,877,200

After the aircraft is certified, it should be produced. The costs that come into play are listed in Table 11.4. The
DAPCA method incorporates the learning curve of the people working on the aircraft during production (Equa-
tion (11.1)). For this, the user has to define the experience effectiveness (𝐹 ፱፩). To be conservative the highest
value was chosen and that was 95%. With 𝑁 being 500 units built, the QDF factor is 0.63. However, during the
production of the first couple of aircraft, this factor will be higher. The average factor that can be applied in the
end is 0.68. This is found by calculating the QDF for every single aircraft and then taking themean.

𝑄𝐷𝐹=𝐹ኻ.ኾኾኼ዁፥፧(ፍ)፞፱፩ (11.1)

In Table 11.4 all the costs that were originally in € (battery, engine, avionics, propellers) are converted to USD
as these are the DAPCA method’s units. The current exchange rate of EUR to USD is 1.12 8. An odd value is
the landing gear discount; according to the method, you get this discount if the aircraft has fixed gear instead of
retractable gear. Furthermore, it is not chosen to implement a quantity discount on the battery, engine, avionics,
propeller and TE. This is done to be conservative and give a worst-case scenario. Besides, no suitable numbers
could be found for bulk discounts, as these would have to be determined in a contract on a per-company basis.
4https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha-electro/(LA 19-06-2020)
5https://cessna150152club.org/History (LA 19-06-2020)
6https://www.flightglobal.com/diamond-delivers-1000th-da20/82969.article (LA 19-06-2020)
7https://avia-dejavu.net/photo%20I-B953.htm (LA 19-06-2020)
8https://www.wisselkoers.nl/dollar-euro (LA 19-06-2020)
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11.4. Customer

Table 11.4: Aircraft production costs

Item Cost per aircraft ($)
Manufacturing labour 61,650
Quality Control 4,050
Materials/equipment 8,400
Battery 33,500
Engine 9,000
Avionics 9,950
Propellers 6,500
Landing gear discount -5,115
Production Cost 127,935
Liability insurance 17,250
Min. Sales Price, no TE 145,185
TE Cost 28,265
Min Sales Price, with TE 173,450

11.3.2. Selling Aircraft
In the previous section, the costs for the production as well as the certification of the Dragonfly is discussed. Fur-
thermore, requirement ELTA-USER-COST-01 stated the aircraft unit cost shall not be more than €150,000m,
which is currently equivalent to $168,880. Typically, the selling price of an aircraft is the minimum selling price.
This will go up for all the extra features the customer wants. Applying this to the Dragonfly would imply that it is
sold for $168,800 as aminimum price which excludes the training enhancement. In Table 11.5 one can see what
the profit is for both options andafter howmanyaircraft sold the certification/developing cost debts are gone. For
this break-even point, it is assumed there was no interest on the total certification/developing costs by assuming
the subsidies will cover these.

Table 11.5: Break-even calculation of the Dragonfly

No TE With TE
Unit Cost ($) 145,185 173,450
Selling Price ($) 168,800 168,800
Profit ($) 23,615 -4,650
Break-even 474 Planes not possible

Basedon thebreak-evenpoints fromTable11.5 it is not feasible tohavea sellingpriceof $168,800,which includes
the TE-package. The break-even point for the same selling price excluding the TE-package seems on the high
side, but it is possible. In this scenario, the $168,800 is a ’starting at price’, on which the customer can add the
TE-package as an option.
11.3.3. Leasing
Besides selling the Dragonfly, another option could be to offer to lease it. For this, however, there should be a
large reserve in the amount ofmoney as itwill take longer until youhave earned the aircraft back. For that reason,
it is assumed to be unfeasible before the break-even-point is reached by selling aircraft. When this is reached two
options could be offered, namely financial lease and operational lease. For financial leasing, $4,000 per month
could be taken for a lease duration of 4 years. The ELTA company has then earned $46,815 after 4 years from the
aircraft which is $23,200 more in the case the customer would have bought the aircraft. For operational leasing,
this project is in a too preliminary stage as it is not yet known into what detail maintenance intervals should be
performed and what their costs would be.
Another option would be to only offer leasing regarding the training enhancement package. In this scenario, the
customerwill buy the aircraftwithout TE. In this case, the package should be updated to keep it attractive to flight
schools. A scenario could be to offer a leasing contract for 4 years and then again give the option for financial
lease and operational lease. For the first option, $700 per month could be chosen. In the end the ELTA company
will have earned $5,335. For operational lease, the same holds for leasing the aircraft. Besides, the customer
could choose to select which TE item he would want. It may be that the modular cockpit is not that suitable, but
a simulated gear lever is for example.

11.4. Customer
When this project started the customers were set to be flight schools as they would be interested in the added
training effectiveness. After doing amarket analysis (Chapter 4) it turnedout that the target groupwould be large
flight schools which train pilots for the airline market. However, to improve the business case, private owners
were also included bymaking the TE package optional.
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11.5. Verification and Validation

11.4.1. Operational Costs
It is difficult to quantify the operational costs per flying hour that include everything from a flight school as there
are too many variables like, did the flight school take a loan for the aircraft, what is the cost for staff, are they
an approved training organisation or a declared training organisation, etc. Therefore, this section is about the
operational savings with respect to conventional SEP aircraft. Furthermore, all the costs described in this section
will be in euros in contrary to the previous sections. The datamentioned in this section is from own experience of
flying in the Netherlands as a private pilot.
First, there is the propulsion aspect. Normal conventional SEP aircraft usually have a time between overhaul of
1500-2100 hours. After these 1500 hours a new engine is needed which will cost around 35 000 euros. Further-
more, fuel costs can easily add up to 50 euros per hour. Per flight hour the SEP propulsion costs will hence be
roughly 75€ per hour when savingmoney for the engine overhaul.
TheDragonfly’s engine is not comparable to piston engines. It only has onemoving part, which is the shaft. After
having contact with Maarten Klomp of Saluqi Motors it turned out electric cars have an engine overhaul after 20
000 driving hours. According to Maurice Fiechter who works for Special Air Services this should be reduced by a
factor of 5 to give reliable data for aircraft. In this case, the overhaul is after 4000 hours which will cost 8000 €.
The ’fuel’ costs of the Dragonfly are 5.50 €per hour 9. The only expensive part is the battery which is assumed to
have an overhaul after 2,000 hours where 1000 cycles are used. The overhaul will cost 29,950€. Calculating the
cost per hour it turns out to be 22.15€ per hour. This is a saving of more than 50€ compared to piston aircraft.
For the customer, endurance is important and this is one of the reasons the Alpha Electro is not popular amongst
flight schools. Furthermore, the infrastructure should be ready at airports to accommodate electric flying. As
mentioned in 11.2.1 it is assumed the infrastructure will be ready at Dutch airports when the Dragonfly will be
ready for operation. Another aspect is maintenance, maintenance organisations will need to be educated on the
Dragonflywhichwill take timeas theconcept is not comparable to conventional single-enginepiston (SEP)aircraft
due to the electric engine and the contra-rotating propeller. The maintenance companies will have to invest this
time, in return they can perform maintenance, but this will be less compared to conventional aircraft, as more
maintenance goes into checking the engine for piston aircraft. So it is debatable if maintenance companies want
to invest the time. On the other hand, asmentioned in 11.2.1, all GA should be electric by 2050, so at some point,
themaintenance companies will need to invest their time into transitioning.

11.5. Verification and Validation
In this chapter, theDAPCA-IVmethod is used. Originating in1986, thismethod is known in theaerospace industry
and has been updated in 2012 by Gudmundsson [14]. The method was inserted into Python. The verification is
performed by inserting examples from [14] and comparing the results. Validation is difficult as companies don
not mention what the certification, development and production costs are. The selling price is often the only
thing known, and even for this, a quotation if often required. Based on experience in buying a Robin DR401 (IFR
Certified, glass cockpit with Garmin avionics), this is used for validation purposes. The selling price is 250,000€,
the OEW of this aircraft is roughly 660kg and the airframe weight is not known but assumed to be 550kg (OEW
minus engine, avionics, seats). Based on Table 11.1 the aircraft produced over 5 years is taken to be 300. Lastly,
the maximum airspeed is taken as 179 kts which is 𝑉፧𝑒. As the selling price is the only known variable, only the
final result can be validated. For avionics, $37 400 are taken based on the equipment of the aircraft that was
bought. Furthermore, an average quantity discount factor of 0.7 is used. With this, the cost price according to
the DAPCA-IV is $230,600. 250,000€ equated to $280,000 which would imply a profit of $49,400 per aircraft.
According to Gudmundsson [14], a profit of around $50,000 is reasonable.

11.6. Risks
The risks in this chapter are all associated with finances. It could be the case that the developing or certification
costs will be higher than expected. This risk could be mitigated by setting set-points during the certification pro-
cesswhere at every set-point it is evaluated howmuch is deviated from the budget at thatmoment in time. If this
deviation is toonegativenew investors couldbe found. Hangingonto that solution, it couldbeoneof the investors
gets bankrupted. Also in this case new investors will have to be found. One of these investors could be the Dutch
government as it is their goal to realise electric flying for all general aviation by 2050.
It could also be the case the production costs turn out to be higher than expected. In this case, the selling price
could go up, but the aircraft could also be sold as a kit-plane which would save all the manufacturing labour as
the customer will build the aircraft by themselves. When this is done, the aircraft will belong to the experimental
aircraft and not CS-23 or CS-VLA. In this case, it would not be of interest anymore for flight schools, but only for
private customers who will not be interested in the TE-package.
9based on 29.5 kWh and 0.22€/kW in the Netherlands
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11.7. ComplianceMatrix

Another risk could be that the budgeted 500 aircraft is too much. This risk is not likely to happen as the Dutch
government is doing its best to promote electric flying in GA. Assuming other countries are doing or are planning
on doing the same, this risk is mitigated.

11.7. Compliance Matrix
In Table 11.6 the compliance matrix for the business requirements is shown. The first requirement is partially
met. This is because the unit price can easily be €150k, but onlywithout the TE package to be profitable. Further-
more,ELTA-MAR-15 is notmet. This requirementwas originally set-up only thinking of the engine being part of
propulsion. However, the propulsion system from the Dragonfly also includes the battery packwhich is the cause
of not meeting this requirement. The operating costs are lower than conventional piston aircraft.

Table 11.6: Compliance matrix for the business cases

Identifier Requirement Obtained
value

Req.
met?

ELTA-
USER-COST-01

The aircraft
shall have a unit cost of not more than €150k. from €150K ≈!

ELTA-MAR-01 The aircraft shall be refuellable/rechargable
at 4-digit-ICAO-registered airports. * !

ELTA-MAR-02 The system shall be able to undergomainte-
nance at conventional maintenance facilities. * !

ELTA-MAR-15
The aircraft’s periodic

propulsion replacement cost shall have
amaximum of €5000 per 1000 hours of flight.

€15,000 %

ELTA-MAR-16 The
peak aircraft operating cost shall be 50 €/hour. €22.15 !
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12
Risk Assessment
In this chapter one can find all significant risks, for a more detailed description one should refer to the relevant
chapters. The general risk assessment will be presented, as well as the newly identified risks for each subsystem
and their mitigation strategy.

12.1. Technical Risk Assessment
The most important general and previously identified risks [1] are presented in Table 12.1. Every risk is given a
likelihood and an impact. The scale used is listed below.

Likelihood:
1. Small to zero chance of occurrence;
2. Marginal but notable chance of occurrence;
3. Reasonable chance of occurrence;
4. High chance of occurrence;
5. Almost guaranteed occurrence.

Impact:
1. Small to zero impact;
2. Marginal impact;
3. Moderate impact;
4. Significant impact;
5. Catastrophic impact.

After the general risk assessment, specific risks were identified per subsystem. The identification and a detailed
description of the risks canbe found in the corresponding chapters. Risks in power andpropulsion (PP) aremainly
related to the CRP as this is not a widely implemented system and therefore brings some uncertainties into the
design. Next to that, risks regarding aerodynamics (AER) and structures (STR) are treated. Furthermore, some
new business case (BC) and safety (SAF) risks were identified and finally risks for all training enhancement (TE)
items were assessed. For these new risks mitigation strategies weremade to deal with them.

Table 12.1: General risk assessment and mitigation strategy of the risks

No. Risk Li
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Mitigation strategy R
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m
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RSK-DES-01 MTOW exceeds the limit 4 4 Add a margin, in the design aim
for a lower weight

3 4

RSK-BC-01 Lack of recharge infrastructure
at airports

4 4 Make use of current recharge
technology

1 4

RSK-DES-04 Structure is not able to handle
the loads

3 5 Apply a safety factor 2 5

RSK-DES-08 Tools used not accurate 3 5 Set up V&V plan 2 5
RSK-SAF-07 Batteries overheat/explode 3 5 Implement a battery thermal

management system
2 5

RSK-DES-05 Noise pollution higher than
expected

3 4 Apply a safety factor 2 4

RSK-DES-07 Bad trade-off performed 3 4 Set trade-off guidelines 2 4
RSK-BC-04 The system can not meet the

required TE improvement
3 4 Provide the possibility to install

different TE technologies
2 2

RSK-BC-02 After a few years product is not
competitive anymore, due to
technology improvement

4 3 Provide the possibility to replace
the batteries with future state of
the art batteries

4 2

For post-DSE the same strategy will be applied which was implemented during the final design phase during this
DSE:Risks thatwill have tobemitigatedpost-DSEwill be closelymonitoredby the systemsengineer. The systems
engineer together with the quality manager will go over the mitigation strategy checklist on a daily basis with all
relevant departments, to check whether the strategies are applied in order to maintain the reduced risks [1].

Table 12.2: Subsystems risk assessment and mitigation strategy of the risks
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12.1. Technical Risk Assessment

No. Risk Li
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RSK-PP-01 More propeller torque than
expected

2 4 Design rudder with safetymargin 2 2

RSK-PP-02 Propeller ground clearance
smaller than expected

2 4 Add margin on vertical position
propeller

1 4

RSK-PP-03 Suboptimal number of propeller
blades selected

4 3 Perform detailed in-depth re-
search and optimisation analysis

2 3

RSK-PP-04 Exceed maximum allowed rpm 4 3 Install FADEC system or reduce
power

1 3

RSK-PP-05 Resonance between propellers
occurs

2 3 Adjust power setting 1 3

RSK-PP-06 Propeller stall occurs 2 3 Install FADEC systemor decrease
rpm

1 3

RSK-PP-07 Testing becomes expensive
because there is little known
about CRPs

4 3 Analyse the best options only and
prepare the tests in high detail

1 3

RSK-PP-08 Testing makes clear that a CRP is
not the best option

2 4 Add the option of removing a
propeller and fly with only one

2 1

RSK-PP-09 Battery energy and weight esti-
mationsnot close to real numbers

3 4 Compare to values of general
aviation aircraft

1 4

RSK-PP-10 Faulty battery cell 2 1 Add safety cells for failure 1 1
RSK-PP-11 Battery charging time estima-

tions unrealistic
3 4 Design should feature option of

swappable batteries
3 1

RSK-PP-12 Engine computer failure 1 5 Throttle lever position goes
directly to ECU

1 1

RSK-PP-13 ECU failure 1 5 Install back-up (ECU and motor
inverter)

1 1

RSK-PP-14 Total battery/engine failure 1 4 Brief pilot on battery/engine
failure procedure

1 3

RSK-AER-01 Design does not meet perfor-
mance requirements

2 4 Perform tests to validate require-
ments

1 4

RSK-AER-02 Aerodynamic design affects
structure more than expected

2 4 Frequently evaluate with aero-
dynamics and structures

1 4

RSK-AER-03 Aerodynamic noise higher than
expected

2 3 Perform component windtunnel
tests

1 3

RSK-STR-01 Landing gear not properly
positioned

2 3 Iterate position in stability and
control analysis and/or add op-
tion to shift landing gear location
once built

1 1

RSK-STR-02 Too much/not enough weight on
front gear

2 3 Add option to shift landing gear
location once built

1 3

RSK-STR-03 Gear suspensions not able to
handle landing loads

2 4 Ensure that under critical loading
the gear will not get closer to the
fuselage than 20 cm

1 4

RSK-SAF-08 Aircraft not stable/controllable 3 5 Apply safety margin and set up
V&V plan

1 5

RSK-BC-07 Development/certification costs
higher than expected

4 3 Set evaluation moments for
certification process

1 3

RSK-BC-08 Production costs higher than
expected

1 3 Increase selling price 1 2

RSK-TE-01 Mixed reality headset overheats 2 1 Install aircraft ventilation 1 1
RSK-TE-02 Ballistic parachute failure 2 5 Perform regular maintenance

checks
1 5

RSK-TE-03 Engine failure at low altitude
(ballistic parachute is unusable)

2 5 Perform take-off failure briefing 2 4

RSK-TE-04 Glass cockpit failure 2 2 Install back-up instruments and
back-up battery

2 1

RSK-TE-05 Autopilot failure 2 3 Perform maintenance checks
and install self-test, use autopilot
off-switch

1 3
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12.2. RiskMap

12.2. Risk Map
The risk map for the initial risks is shown in Table 12.3. The further to the top right, the higher the risks. After
mitigation, the risks will decrease. This means that in the risk map they will move towards the bottom left. The
riskmapwith the final risks is shown in Table 12.4. It can be clearly concluded from these two figures that all risks
in the region of likelihood 4 - 5 and impact 4 - 5 have been lowered to lower likelihood and impact regions.

Table 12.3: Initial Risk Map
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Table 12.4: Final Risk Map
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13
Operations, Logistics and Project Plan-
ning
This chapter discusses the operations (Section 13.1), flight envelope (Section 13.1.1), operational and logistics
concept description (Section 13.1.2), the production plan (Section 13.2) andproject planning for the future of the
Dragonfly project (Section 13.3).

13.1. Operations
To give an indication on the operation of the Dragonfly, the flight envelope will be discussed in Section 13.1.1.
Then the operation and logistics will be touched upon in Section 13.1.2.
13.1.1. Flight Envelope
As the Dragonfly will be certified initially under CS-VLA, the flight envelope criteria are taken from [80]. During
operation theaircraft shouldalwaysstaywithin thisenvelope. Threecharacteristic speedsareneeded,namely the
stall-, cruise- anddive speed. The inputparameters for theenvelopeare listed inTable13.1. Themethod is copied
from[80]. Tosafe space in this report themethod is thereforenotbe furtherdiscussed. In theend it turnedout the
maximum load factor encounterdduring cruisewill be 3.8 and theminimum-1.5which canbe seen in Figure13.1.

Table 13.1: Flight Envelope Parameters

Parameter Symbol Value Unit
Stall speed (EAS) 𝑉ᑤᑥᑒᑝᑝ 23.15 m/s
Cruise speed (EAS) 𝑉 50.00 m/s
Dive speed (EAS) 𝑉ᑕ 61.73 m/s
Max. maneuver load factor [80] 𝑛 3.8 -
Min. maneuver load factor [80] 𝑛 -1.5 -
Max. cruise gust speed [80] 𝑈 15.24 m/s
Max. dive gust speed [80] 𝑈 7.62 m/s

Wing lift curve slope 𝑎 4.80 1/rad
Mass 𝑀 864 kg
Wing area 𝑆 14.34 m2
Mean aerodynamic chord 𝐶̄ 1.25 m
Air density cruise 𝜌 1.12 kg/m3
Air density sea level 𝜌Ꮂ 1.225 kg/m3 Figure 13.1: Flight Envelope

13.1.2. Operational and Logistic Concept Description
In Figure 13.2 the operational flow of the Dragonfly is shown.

Figure 13.2: Operational flow diagram for the electrical light trainer aircraft. [1]

”Regarding the logistics aspect of the project, as of now two possible concepts have been proposed. The first one
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13.2. Production Plan

involves a more widely used and straight-forward strategy for distributing the aircraft to the customers, namely:
each flight school may place an order for the amount of electrical trainer aircraft that they wish to purchase. The
aircraft will then be delivered as they are finished in the factory. The batteries of the aircraft will be charged at the
airport that serves as the ground base of the specific flight school.
The second possible concept consists of consulting different flight schools in order to gather information about
howmany electrical trainer aircraft are desired by each of them. The required amount of aircraft will be produced
and then leased by the ELTA-company to the flight schools. In this way, the flight schools will just need to pay the
lease cost and the operational costs, which are low considering the aircraft’s electrical propulsion. Furthermore,
a suitable amount of interchangeable batteries (higher than the amount of aircraft) will be produced. The ELTA-
companywill ensure that each flight school has enough batteries andwill be responsible for swapping them once
they have reached the end of their life cycle. This however requires the possibility of regular battery swapping in
the aircraft. Furthermore, the ELTA-company will ensure efficient use of resources. For example by transporting
available batteries for a flight school that might not need them on a certain day to another flight school that is
located relatively close by and is in need of extra batteries.”[1] This second option however will only be possible
after the break-even point has reached as mentioned in Chapter 11.
13.1.3. End-Of-Life-Plan
The Dragonfly has not a general end-of-life as its components have different end-of-life times. But when the
items have reached their individual end-of lives something should happen. In aviation safety standards are high
compared to other sectors like the automotive industry. When the engine and batteries have reached their end-
of-life they could therefore get a second life in this industry. Another option would be that the batteries are sold
to households where it is used to store an over production of power by solar panels which can not be put in the
power net due to over capacity. The avionics and airframe could be used for flight simulators.

13.2. Production Plan
Before the aircraft can take to the skies, it has to be built. In order to achieve this, a production plan has been set
up. This is visible in Figure 13.3.

Figure 13.3: Production plan of the complete aircraft

In this figure, light blue boxes at the bottom left are the pre-production phase. Here, it is investigatedwhich exist-
ing facilities and suppliers are best suitable for the parts and components that are needed, and which production
facilities have to be developed. Simultaneously, prototyping of critical components that should still be tested can
already begin, and the testing can be executed. After that, the production line is set up. This continues all theway
until the final product. First, in-housemanufacturedparts are coloured redandare locatedat the topof the figure.
Parts that will be ordered or come from other suppliers are coloured green and are located at the bottom-middle.

13.3. Project Planning- Future Steps
This section describes what the future plans are for the development of the aircraft proposed in this report. The
future steps are displayed in Figure 13.4 in which the phases corresponding to the mission lifetime cycle phases
of ESA1. Right now, the design is in phase C: the detailed definition. Once the detail design is finished, the system
will flow into phaseD inwhich the aircraft is qualified and produced, which basicallymeans that the aircraft will be
certified andproduced in order to perform flights tests. After phaseD the systemwill flow intophaseE: utilisation,
in which the aircraft will be mass produced and delivered to customers, which will then finally flow into phase F:
disposal or end-of-life of the aircraft.
Phase C This pahse will take the aircraft to the detailed design phase. For this testing will start to take place.
1https://www.esa.int/Science_Exploration/Space_Science/How_a_mission_is_chosen, Last accessed: 21-06-2020
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Phase C

Phase D

Phase E

Perform ground tests

Figure 13.4: Future design steps.

Think of thewind tunnel tests for both the contra rotatingpropeller and themainwingor for example experiments
on batterymanagement and degradation, these future plans are specified in this report under future validation or
test plans for each subsystem. Once these tests are performed, data analysis on the outcomes of the tests will be
conducted in order to better understand the performance influence of certain design parameters and to increase
the accuracy of the designmethodswhichwill then result in a full detailed aircraft design. The detailed design can
thenbeusedtoperformdetailedanalysisandexperiments. Thinkofcontrolandstabilitysimulations, computation
fluid dynamic analysis on the complete aircraft shape,wind tunnel testswith a scaled versionof theaircraft and/or
propeller design, etc. Thedetaileddesign stepanddetailedanalysis stepwillmost likelybe repeatedseveral times
as the outcomes of the detailed analysis and experiments are influenced by the detailed design and vice versa.
Once the aircraft is fully designed into detail the construction manuals can be created, which may include high
detailed CAD-drawings. Thesemanuals are required in order to actually manufacture the aircraft.
Phase D.With the finished construction manuals, the certification process of the Dragonfly may begin, by first
building a prototype of the aircraft. This prototype will then undergo a series of ground tests, as explained in
Section 10.5. After the ground testing is completed successfully, operationmanualsmay be generated, in prepa-
ration for flight testing. Several proposed flight tests are mentioned in Section 10.5. Once this series of tests is
complete, the aircraft will be eligible for full certification under VLA certification requirements.
Phase E.With the aircraft being fully VLA certified, the mass production of the Dragonfly can be started. With
this, the first aircraft deliveries to customers can take place. This will result in the first profit, which is of course
required to support the development/production of the aircraft and its subsystems.
Overall, the steps displayed in Figure 13.4 describe the future steps in the development of the proposed design
in this report. However, it should be noted that these steps describe the global overview and that per mission
phasemore in depth work flow diagrams andwork breakdown structures should be created in order to efficiently
develop the aircraft.
13.3.1. Gantt Chart
The steps described above in Section 13.3will result in a Gantt chart representing the phases past the completion
of the DSE project. This Gantt chart can be observed in Figure 13.5.

Figure 13.5: Gantt chart for the future of the project.
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14
Conclusion and Recommendations
Tenweeksprior to this report,weset out tomakeemission-free flightmore feasible for flight schools. After spend-
ing 4 000 hours on the design of the Dragonfly, it can be concluded that, although it is possible at this moment to
have a feasible design for an electric aircraft for flight schools (and private owners) from a physics point of view,
it is not financially viable. This chapter discusses several clear reasons as to why this is the case, and addresses
what needs to happen to fulfill our mission.

The first reason is the cost of certification, which is heavily dependent on the MTOW. TheMTOW for each consid-
ered category, in order of increasing certification cost, is: 600 kg for CS-LSA, 750 kg for CS-VLA and 5,670 kg for
CS-23. If onewants to design and build an electric aircraft with competitive range and endurance characteristics,
when compared to existing trainer aircraft, theweight of the batterieswill influence theweight of the aircraft such
that it is only possible to certify it under CS-23. This results in an increase of 40% for the certification costs, which
canmake the difference between a viable or non-viable business case for the aircraftmanufacturer. Also, in order
for the company tomake profit and for the break-even point to be reduced, the unit cost of the aircraft will have to
bemore than €150 000, and from the conducted questionnaire, it resulted that 2 out of 3 potential customers are
not interested in buying an aircraft that costs more than €150 000. However, the public may be swayed in the fu-
turewhen shown that thehourly operating costs of anelectric vehicle arenearly €50 less compared to combustion
engine aircraft. This will play a crucial part in creating a business case for electric flight in the near future.

Another reason is the batteries. Within this report, the time-between-overhaul (TBO) is calculated to be 2000h,
after which the battery pack (weighing almost 300 kg and costing nearly €30 000) needs to be overhauled. Al-
though electric power is generally far less COኼ-heavy than fossil fuel, one can argue that changing the batteries
every 2000h is not more environmentally friendly than using fossil fuels. Currently research is being performed
with regards to increasing the battery lifetime, which can make the difference in terms of environmental impact,
and batteries are thus expected to becomemuchmore feasible in the near future.

In terms of training enhancement possibilities, implementing the TE package on board of the aircraft, as well as
makinguseof theVRunit flight simulator is highly profitable for the student pilots. By increasing the effectiveness
of their training by up to 30% they may save up to €1,800 in aircraft rental cost alone. However, as the students
will require less flight hours, the flight schools will earn less money, given the same profit margin per rental hour
when compared to a traditional combustion engine aircraft.

Another obstacle in the path of progress of this project is the mentality of flight schools with regards to training.
From the questionnaire and interviews performed throughout this phase of the project, it has become clear that
the vast majority of flight instructors as well as pilots believe that the best way of training is to simply use the
basic six instruments. Currently, the most common approach to training is very conservative, using no training
enhancement items. However, another portion of the interviewees did seem interested in the prospect of imple-
menting modern technology into flight training to make it more contemporary. The implementation of training
enhancement as explained in this report will pave the way towards revolutionising the way flight training is done
and open up the path to a new era. Similarly to electrical cars, it is expected that the level of acceptance of both
electrical and enhanced flight training will increase with time, and eventually become the norm.

At this point in time, the infrastructure for electric aircraft is also lacking, as thereareno fast chargersat airports. If
the aircraftmanufacturer or the customers have to pay for this, it will negatively influence the transition to electric
flying. Currently, sustainable aviation initiatives, such as the action planHybrid Electric Flying in theNetherlands,
are working onmaking the infrastructure more present at airfields across the country.

Furthermore, more research should be performed on the contra-rotating propeller. The CRP has huge potential
with its high efficiency and is therefore especially valuable when combined with electric flying. From a noise
perspective, anti phasing the two propellers should be researched and tested to be able to implement the CRP
in general aviation. As of right now, little research is performed on this implementation and researching this can
make one a pioneer in improving propeller efficiency.
Having all of this in mind, the recommendations to make an affordable environmentally friendly electric trainer
will be that EASA should change the way certification takes place. The current certification process is based on
conventionally-powered aircraft, that will fly in the same configuration for decades. In this way, it is impossible to
implement the ever improving technologies regardingbatteries. Furthermore, thebatteries need to improvewith
regards to twoaspects: thepowerdensity and theamountof chargingcycles. Thecurrentdesignof theDragonfly
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has shown that electricity is able to power a perfectly functional, usable airplane, and shows that electric flight
is on the verge of taking off. Flight schools and everyone who reads this report should realise that training with
electric aircraft is becoming reality and that other applications of electric flight may become possible in the very
near future, with the help of further research and funding. A recommendation to investors is to allocate funds for
electric flightnow,as in thecomingdecades thebattery technologywill improveand themarketwill rise. Investing
now will almost guarantee profit or a share in one of the fastest rising markets. Electric flight is not a dream; it is
a matter of time.
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D.9.5

D.9.6Tie down aircraft

D.9.3

D.1.ref
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Operate trainer
aircraft system

Design trainer
aircraft

Produce trainer
aircraft

Distribute trainer
aircraft

Operate trainer
aircraft

Retire training
aircraft

Perform subsystem
tests

Manufacture
components

Assemble aircraft
parts Assemble aircraft

Split aircraft design
in manufacturing

and mounting
divisions

Perform certification
and tests Perform startup 

Taxi Perform take-
off/train take-off

Perform cruise flight
training

Perform
landing/train

landing
Perform engine

shutdown
Perform

maintenance

Perform pre-
operational

activities

Perform post-
operational

activities

Check weather Plan flight route Fill in weight and
balance form Perform walk around

Check if all required
documents are

onboard

Perform before
starting engine

checklist
Setup training routine Board the aircraft

Ask for startup
approval

Perform startup
checklist Start engine

Test brakes and
steering Check avionicsPerform taxi checklist Taxi to runway Perform before take-

off checklist
Ask for take-off

clearance Check avionics Retract flapsAccelerate aircraft Rotate aircraft Retract landing gear

Perform flight training
routine

Perform system
checks Navigate Perform entry

approach checklist Perform circuit routine Perform after landing
checklistPerform landing Ask landing clearance Perform go-around

Cancel flight

Return to base Abort take-off

Tie down aircraftFill in aircraft
documents Debrief flight trainingDisembark aircraft

Ref.1 Ref.2

Ref.1

Ref.2

Buy components
and instruments of 

sub-contractors

B.1 B.5B.4B.3B.2

A CB D E

X

B.7B.6 D.1 D.2

D.9D.8D.6D.5

D.4D.3

D.10

D.1.1 D.1.5D.1.4D.1.3D.1.2 D.1.8D.1.7D.1.6 D.1.10

D.2.1 D.2.2 D.2.4

D.3.1 D.3.2 D.3.3 D.3.4 D.3.5 D.4.1 D.4.4D.4.3D.4.2 D.4.8D.4.7D.4.5 D.4.6

D.5.1 D.5.2 D.5.3 D.6.1 D.6.3D.6.2 D.6.5D.6.4 D.6.6 D.9.1 D.9.2 D.9.3 D.9.5

Design multiple
concepts Create final designSet up

requirements

A.1 A.4A.2

Set up zero-
emission

requirements

Set up training
effectiveness
requirements

Set up safety
requirements
(certification)

A.1.1

Set up resources
requirements

A.1.2 A.1.3 A.1.4

Enhance training
effectiveness

A.3

Improve
accessibility to daily

training routine
Improve checklist

procedures
Improve manoeuvre

training

A.3.1

Improve assistance
during flight

Improve debriefing
procedure

Improve training
possibilities 

on the ground 
(flight simulator)

Improve emergency
situations training

procedure

Improve
visualisation of

instantaneous flight
information

A.3.2 A.3.3 A.3.4 A.3.5 A.3.6 A.3.7 A.3.8

Abort flight

D.5.5

Refuel/recharge

D.11

Go through
simulation

D.12

Pre-treat materials Manufacture
materials to shape

Assemble materials
into componenents

B.2.2 B.2.3 B.2.4

Gather materials

B.2.1

Perform battery
tests

Perform CFD and
windtunnel tests

Perform FEM and
structural tests

B.4.2 B.4.3 B.4.4

Perform propeller
tests

B.4.1

Perform fused
reality tests

Perform subsystem
interaction tests

B.4.5 B.4.6

Perform remote
control and fused

reality tests
Perform flight tests

B.7.2 B.7.3

Perform ground
tests

B.7.1
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