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"Aviation is proof that given the will, we have the
capacity to achieve the impossible."

- Eddie Rickenbacker

Preface

Before you lies the culmination of the final results of the Green Flying project of the Spring Design Synthesis Exercise
2018. The DSE is the final step for Bachelor students in Aerospace Engineering at the Delft University of Technology
towards obtaining their degree. Ten weeks of complex aerospace research, intensive coding and innovative design
work by a team of ten students have led to this report and the results presented in it.

We had the honour to examine the future of flying. Most of us admire aircraft but also care deeply about the envi-
ronment. Global warming and the depletion of fossil fuels are amongst the most pressing issues of today’s modern
society. The aviation industry is one of the industries which appears incapable of adopting the necessary changes to
prevent the unsustainable use of our natural resources, as all commercially viable air transport solutions still rely on
fossil fuels. In this project we had the chance to conduct research on emerging technologies which will enable a better
future in which emission free flying is possible!

After ten weeks of hard work we are proud to present our work, into which we put all our knowledge, skills and energy.
We would like to especially thank our principal tutor Pim Groen and our coach Fiona Leverone for their great support
and very valuable help along the project. We would also like to express our gratitude to all other staff members, friends
and family members who have supported us in these past weeks.

The future of green flying is blue. - Group 8
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Abstract

Background
Twenty years ago, the possibility of electrical driving was still far out of reach. Now we see a rapid transition where
electric cars become available and most manufacturers are investing heavily into this technology. The main driving
force behind this transition is the need to slow down climate change, which requires a significant reduction of green-
house gas emissions such as CO2. In aviation however, commercially viable emission-free air transport solutions do
not yet exist. This report aims to demonstrate the feasibility of emerging, sustainable technologies in this field.

Results
The analysis presented in this report shows that indeed by 2030, emission free passenger aircraft can be reality, by de-
veloping the concept of The Greenliner: A novel propeller aircraft featuring distributed propulsion around its fuselage,
with conventional (low) wing and tail configurations, which uses fuel cells in combination with liquid hydrogen as its
source of energy. After careful consideration of different criteria, hydrogen was selected as the main source of energy.
To maximise the overall system performance, the most optimal hydrogen storage option was connected with the best-
performing fuel cell type, resulting in the combination of cooled liquid hydrogen and a proton exchange membrane
fuel cell. Liquid hydrogen has many important advantages and forms a crucial step towards the goal of emission-free
flying: the aircraft’s only direct product is pure water. In order to increase the propulsive efficiency it was decided
to make use of a distributed electrical propulsive fuselage, which includes the promising concept of boundary layer
ingestion.

Conclusions
It is concluded that the presented design is indeed emission free and is capable of fulfilling the requirements of com-
pleting a 500 nmi flight within 2 hours, while being economically viable.
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a Tank cross section radius [m]
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Ae1
Effective area of 1 propeller
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Acn
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CL Lift coefficient [-]
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S Wing area [m2]
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t Thickness [m]
T Temperature [K]
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Tc Critical temperature [K]
u Velocity vector [m/s]
V Voltage [V]
V Velocity [m/s]
V1 Input velocity [m/s]
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W Weight [N]
Xk Molar fraction of species k [-]
ymax Gas and liquid H2 volume ratio [-]
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fi Transfer coefficient [-]
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effectiveness parameter
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`
Tank ellipsoidal
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Tank ellipsoidal
axes ratio
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Angular velocity
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[rad/s]

! Molar mass [kg/mol]

Subscript Explanation
1 Free stream
a Anode electrode
a Available
avg Average
A/a Aileron
BL Boundary layer
c Cathode electrode
csw Control surface wing
D Drag
d0 Zero-lift drag
dg Design gross
e Electrolyte phase
E/e Elevator
f Fuselage
gap Gap inside of ring of propellers
H2 Hydrogen
H2O Water
h Horizontal stabiliser
k Species k
L Lift
l Rolling moment
l Airfoil lift
lam Laminar
m Membrane
m Pitching moment
m Motor
misc miscellaneous
MLG Main landing gear
O2 Oxygen
p Proof
p Hydraulic phase
pn nth prop configuration
p1 One prop configuration
prop propeller
R/r Rudder
s Solid phase
s Shaft
sat Saturated state
t Total
tub Turbulent
tip Propeller blade tip
v Vertical stabiliser
w Wing
wall tank wall
z Axis pointing up
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List of Abbreviations

Abbreviation Explanation
ACL Anode Catalyst Layer
ADT Actuator Disk Theory
AFC Anode Flow Channel
AOA Angle Of Attack
APU Auxiliary Power Unit
BV Butler-Volmer
CCL Cathode Catalyst Layer
CFC Cathode Flow Channel
c.g. Center of Gravity
CL Catalyst Layer
DEP Distributed Electric Propulsion
DOC Direct Operational Costs
DP Distributive Propulsion
FEM Finite Element Modelling
GDL Gas Diffusion Layer
GH2 Gaseous Hydrogen
GPU Ground Power Unit
HOR Hydrogen Oxidation Reaction
ICAS International Congress of the Aeronautical Sciences
MAAMF Hydrogen Tank Insulation Vapour Barrier
MEA Membrane-Electrode Assembly
LH2 Cryogenic Liquid Hydrogen
ODE Ordinary Differential Equation
ORR Oxygen Reduction Reaction
PDE Partial Differential Equation
PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
rpm Round per minute
SF Safety Factor
TE Trailing Edge
TO Take-off
TPD Tonnes per Day



Executive Overview

In this project, 10 students were given 10 weeks to design an emission free aircraft according to customer require-
ments set by the project tutor. This Design Synthesis Exercise is the final part of the Aerospace Engineering Bachelor
programme at the TU Delft. This report gives an overview of the project which focuses on assessing the challenge and
developing a final concept.

The Challenge
Until today, the aircraft industry is incapable of adopting the necessary changes in order to reduce global warming and
prevent the unsustainable use of our natural resources. At the current pace, the depletion of fossil fuels poses a real
threat to the global industry, as it relies heavily on such resources. Furthermore, the damage done to the environment
by the heavy use of these fuels is important and may soon reach a tipping point after which there is no perspective
of recuperation. Since aviation is crucial to the modern globalised world, a viable alternative to fossil fuels must be
found.

To reach this goal, new technology must be investigated. Research must be conducted in order to create a promising
design and bring it to life, with a strong focus on sustainability. For this project, the following Mission Need Statement
(MNS) and Project Objective Statement (POS) are formulated as follows:

Mission Need Statement

Assess the possibility of emission free flying in a commercial passenger aircraft, while competing with existing
aircraft in total cost of ownership.

Project Objective Statement

Design a cost competitive, emission free, small regional airliner, by ten students in ten weeks time.

Final Requirements
After analysing the the project objective, the project requirements were established. As the design objective is an
(emission free) aircraft, many requirements were defined that are not only relevant specifically for this project, but
also to aircraft in general. Only the most significant project-specific and customer requirements are presented here.

Key Requirements

Client Requirements

GF-STK-CL-1 The aircraft shall seat 19 passengers.

GF-STK-CL-2 The aircraft shall not emit any harmful particles during operation.

GF-STK-CL-5-n The aircraft shall have a nominal cruise range of at least 500 nautical miles.

GF-STK-CL-6-n The aircraft shall be able to reach any destination within 500 nautical miles within 2 hours.

GF-STK-CL-7 The maximum runway length required for take-off for this aircraft shall be 1500 meters.

GF-STK-CL-8 The amount of harmful emissions emitted during manufacturing shall not exceed the amount
of harmful emissions during manufacturing of conventional similar aircraft.

GF-SYS-EXT.1-1 The aircraft shall comply with the applicable regulations declared by EASA and ICAO.

GF-STK-CL-5-n, GF-STK-CL-6-n and GF-SYS-EXT.1-1 are updated requirements and are justified below.
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The updated range requirement follows from a short market analysis, in which it was determined that 80% of all re-
gional flights have a range of less than 500 nmi. Subsequently, it was computed that it would be 70% more expensive
to cover the additional 20% of the market with an aircraft designed for 1000 nmi. The speed requirement was thus
changed concurrently.

The original noise requirement was formulated ambiguously and therefore not verifiable. First, the noise requirement
does not specify how those 85 dB are measured. Furthermore, typically, the noise regulations are not given in dBs, but
rather, as described by ICAO regulations, by dBAs, a unit which combines the noise dB levels with the frequency of the
sound.

The requirements will be used to verify the final design presented in this report.

Final Design
In this part first the final design will be presented and then the selection process will be summarised.
After exploring all possible options and performing a trade-off the final concept was selected:

Final Concept

The Greenliner: A novel propeller aircraft featuring distributed propulsion over its fuselage, with conventional
(low) wing and tail configurations, which uses fuel cells in combination with liquid hydrogen as its energy
source.

Figure 1: The Greenliner

This final concept comprises of a propeller aircraft, which uses fuel cells and liquid hydrogen to power its electric
motors (render in Figure 1).

Since the main goal of this design project is to produce a commercially viable solution for emission free flying, the
focus lies on a suitable propulsion system, as this is not yet available. As such, this subsystem must be carefully
analysed and sized according to the overall performance needs of the Greenliner. To do so, the performance of the
remainder of the aircraft must be known in detail and with high confidence. Because of this, it was decided to base the
design on a standard configuration consisting of a circular fuselage and a fixed wing. It should also be noted that since
the selected concept makes use of electrical motors, it was chosen to apply distributed propulsion on the fuselage,
mostly because this increases the overall propulsive efficiency of the aircraft.

Fuel cells work based on the electrochemical half reactions presented here. A proton exchange membrane is coated
with catalyst layers. At the anode side, hydrogen will react at the catalyst according to the first half reaction. The pro-
tons created, travel through the membrane. The electrons are conducted externally to the cathode where the second
half reaction takes place at the catalyst. The external electron flow is the current that is used to power the aircraft.
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Electrochemical half reactions

H2
 2H¯ ¯ 2e¡ (1)

1

2
O2 ¯ 2H¯ ¯ 2e¡
H2O (2)

After careful assessment on different criteria, hydrogen was selected as the main energy source during the trade-off
process. To maximise the overall system performance, the best hydrogen storage option was connected to the best
performing fuel cell, resulting in the combination of cooled liquid hydrogen (LH2) and a proton exchange membrane
fuel cell (PEMFC). The choice for liquid hydrogen has many important advantages and forms a crucial step towards
the goal of emission-free flying.

One such advantage is the weight. After a preliminary total aircraft mass estimation, it was found that the hydrogen
option would yield the lightest overall system: just 150 kg for a 500 nmi flight. Especially in Aerospace Engineering,
such system properties are indispensable.

In terms of the system cost, one can observe that the hydrogen and fuel cell combination has been used in commercial
transportation solutions (busses), also indicating high technical readiness. Most importantly, this will help to limit the
retail price of the end product to an acceptable extent, creating competition with conventional air transport.

However, the most important property of hydrogen for the purpose of this project is that it has the potential to be
produced emission free and on-site at the airport, if renewable energy sources are used for the electricity supply.
Since water, which is needed to produce hydrogen, is readily available in many parts of the world, no scarce natural
resources are used in the fuel production. This shows that the choice for hydrogen is ideal for the purpose of this
sustainable project.

Sustainability
For the purpose of this design project, three key aspects of sustainability will be considered. The three aspects are
based on the 3P (profit, people, planet) principle: financial, social and environmental sustainability. Financial sus-
tainability focuses on the idea that any product or process must be designed such that it can function properly for a
long time by receiving proper support. Social sustainability pertains to the impact of the product or process on soci-
ety in general. Environmental sustainability plays a role whenever the natural environment of the planet is affected in
any way. For each principle criteria were coined and the Greenliner was assessed based on these criteria. The result
can be observed in Figure 2. This spider map shows the sustainability of the Greenliner and Dornier in the year 2030.
The Dornier 228 is a reference aircraft because this is a commercial aircraft with similar specification and mission
requirements.

Figure 2: Spider map showing comparison between the Greenliner and Dornier 228

The result shows that in 2030, the Greenliner will be outperforming Dornier 228 in terms of sustainability. Both aircraft
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are graded on a scale of 1 to 5 based on the ten criteria in Figure 2. The reasons are discussed below.

The Greenliner uses liquid hydrogen as a fuel, resulting in only water as its emission, while the Dornier uses kerosine.
Therefore the Greenliner performs much better than Dornier 228 on environmental sustainability which has a high
emission during operation.

A high level of recyclability and reusage of parts can be expected for Greenliner. Various metal alloys such as alu-
minium alloys and titanium are used for the aircraft structures and graphite is used for the PEM fuel cell. These metals
are highly recyclable. Parts that are designed speci�cally for the Greenliner such as the hydrogen tank or fuel cell can
be reinstalled in a new Greenliner if they are still within the service life. Compared to Dornier 228, which has compos-
ite propellers, the Greenliner performs slightly better in recyclablity and reuse.

Furthermore, the technical readiness level and regulation maturity are expected to improve in the near future. Since
the Greenliner should be in service in 2030, it must be certi�ed and the technology has to work. Besides, the interna-
tional air transport association has set the ambitious goal of a reduction in net CO2 emissions of 50% by 2050 relative
to 2005 levels. This means that both government and aviation regulatory bodies will push towards emission free �ying.

The Greenliner is also �nancially sustainable: even though the production cost might be higher than for the Dornier
228, this will not be a restricting factor because it is expected that some are willing to pay more for an entirely emis-
sion free aircraft. Furthermore, As the direct operation costs are closely related to the fuel cost, airlines would prefer
to use a cheaper fuel source. Even though liquid hydrogen (LH2) is currently 4 times as expensive as kerosene, it is
expected that the LH2 price will be lower in 2030. Consequently, the Greenliner will perform better in terms of DOC.
Concerning maintenance, disassembly procedures of the Greenliner are not expected to be more dif�cult than con-
ventional aircraft. When lean engineering is applied throughout the design process, a highly time and energy ef�cient
maintenance process can be obtained. Therefore, the Greenliner and Dornier 228 score the same on these two criteria.

Financial Analysis
To asses the �nancial viability of the Greenliner concept a return of investment prognosis was made. In order to do
this �rst the investment costs and unit cost price have to be known. The selling price followed from the customer
requirement that the price would not exceed 125% of comparable aircraft. These values are presented in Table 1 and
discussed below.

price [million USD]
Selling price 12
R&D costs ±300
Unit cost price ±10.5 - ±5
Final Pro�t ±400

Table 1: Financial analysis Greenliner

In order to �nd the retail unit price, seven reference aircraft were analysed and based on the amount of passengers
their retail price was scaled down. Then 25% was added to the average of these seven, resulting in 12 million USD as
the unit price of the Greenliner.

The R&D costs and unit price were hard to assess, since because of harsh competition, aircraft manufacturers tend
to keep these numbers secret. In order to make an assessment, the method of Willcox [105] was used, resulting in
±300 million USD for the R&D phase and an initial unit cost price of about 10.5 million USD. Furthermore, aircraft
manufacturing tends to become cheaper when more units are produced, which is prescribed by the learning curve:
as depicted in Figure 3a the unit cost price halves after about 140 units. When these values are known the RoI is
calculated and as shown in Figure 3b, the break even point occurs in 2038 and a �nal pro�t of about 400 million is
acquired after 150 units are sold according to prognosis.

Compliance
To evaluate the expected performance of the Greenliner, the compliance with requirements was examined. There are
no requirements that are expect to remain unful�lled. However, more research must be done to ensure that certain re-
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(a) Learning curve for production (b) Equity during selling phase

Figure 3: Financial analysis Greenliner

quirements are indeed fully met. These include most notably: complete compliance with EASA and ICAO regulations,
a lifetime of 35,000 cycles, and an amount of emissions during manufacturing that does not exceed that of similar
conventional aircraft.

Looking back at the mission statement, the Greenliner conceptual design certainly shows the possibility of emission
free �ying. Even as industry experts claim large electric aircraft may not �y before 2050, the Greenliner shows a real
opportunity for developing a sustainable, cost competitive airliner that can enter the market as early as 2030.
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1
Introduction

Climate change and the depletion of fossil fuels are among the most pressing concerns faced by the modern, glob-
alised society. The aviation industry is a signi�cant contributor to pollution and is projected to account for almost 5%
of the remaining global carbon budget [73], which is the amount of emissions after which catastrophic climate change
becomes certain. The depletion of fossil fuels is also a great concern: At the current pace of consumption, crude oil
reserves will be depleted in the year 2051, making the commercial use of kerosene impossible [2]. In order to secure
a long term market position, manufacturers and operators will therefore have to switch focus to green technologies.
Although possible solutions for this challenge exist in theory or in smaller scale, no emission free commercial passen-
ger aircraft has yet been produced. Therefore, extensive research into this topic is needed. Rather than being limited
to the technology of subsystems such as the energy storage, a comprehensive assessment is needed of the feasibility
of emission free �ying. As a means of assessment, a Design Synthesis Exercise was completed by the authors of this
report as the �nal part of the Aerospace Engineering Bachelor programme at the Delft University of Technology, in
which the objective was to design a cost competitive, emission free, small regional airliner.

The aim of this report is to show how the design problem was approached and how the �nal design of the aircraft was
synthesised, while focussing on the second half of the project. After �rst analysing the requirements, a �nal concept
was selected through a trade-off procedure from a number of possible options. All subsystems were then sized and
the results were integrated into a complete aircraft. The performance of this design was then analysed on different
aspects such as sustainability, safety and technical risk. Finally, an outlook on future development was provided.

First, the context of the current phase of the project is given in chapter 2, where elements from previous reports such
as the requirements analysis and the concept selection are summarised. Then, in chapter 3, sustainability assessment
tools are developed. The integrated design approach is presented in chapter 4, whereas the detailed subsystem sizing
methods follow in chapter 5, which also includes a discussion on the potential incorporation of solar panels. The �nal
design is presented and analysed in chapter 6, after which the performance of the Greenliner is analysed in chapter 7.
To con�rm that a realistic system was designed, chapter 8 is devoted to the veri�cation and validation of the design.
Next, the future phases of the development of the Greenliner are explained in chapter 9. The operations and logistics
are given in chapter 10, which includes a RAMS assessment. In chapter 11, the sustainable character of the �nal design
is assessed, followed by a �nancial analysis in chapter 12 and the �nal requirements compliance matrix in chapter 13.
The report ends with a conclusion and several recommendations in chapter 14.
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2
Concept Selection

This chapter contains a summary of all design steps from the �rst three phases of the project, which were mentioned
in previous reports. After discussing the name of the aircraft in section 2.1, the stakeholder requirements are presented
in section 2.2. These requirements are then reviewed in section 2.3, followed by a functional analysis of the aircraft
subsystems in section 2.4. Then, all design options which were considered in the early stages are shown in section 2.5.
Finally, a trade-method for these options is established and a concept is selected in section 2.6. This concept then
entered the Detailed Design phase, which is presented entirely in this report.

2.1. Naming the Aircraft
After initially just referring to the Greenliner as "the aircraft", it was decided to choose a name in order to better iden-
tify the speci�c aircraft that is being designed in this project. This also presents an opportunity to incorporate the
main design characteristics into the identity of the �nal product. Furthermore, it presents an additional opportunity
to create a clear difference to other, conventional aircraft.

Since the main characteristic of this design project is sustainability, most ideas for possible names included words
such as "green" or "eco". After collecting many different possible names, a trade-off was conducted, based on pa-
rameters such as originality and simplicity. The outcome of this trade-off was the name "Greenliner". It was chosen
because of its simplicity, its clear connection to (especially environmental) sustainability and the more frequent use
of similar names in aviation. Furthermore, including the word "green" provides many opportunities to match other
design elements such as the project logo to the actual name of the �nal product.

It should be mentioned that the name "Greenliner" has not been checked thoroughly for any possible existing trade-
marks or other protected names. In the case that these exist, it can be assumed that no serious con�icts will arise as
the content of this report is created in an educational context.

2.2. Stakeholder Requirements
The Green Flying design project is based on the customer's project and mission de�nition, which includes a number
of requirements. However, next to the customer, other stakeholders must be taken into account. Presented below is a
list with the most important stakeholder requirements in their initial version. Unless speci�ed otherwise, no changes
were made to the requirements as presented below.

Client (Aircraft Manufacturer)
GF-STK-CL-1 The aircraft shall seat 19 passengers.

GF-STK-CL-2 The aircraft shall not emit any harmful particles during operation.

GF-STK-CL-3 The use of all resources in the manufacturing process shall be within acceptable boundaries, deter-
mined by similar conventional aircraft.

GF-STK-CL-41 The aircraft shall be able to �y safely with respect to altitude restrictions, using Europe as a reference.

GF-STK-CL-51 The aircraft shall have a nominal cruise range of at least 1000 miles.

GF-STK-CL-6 The aircraft shall be able to reach any destination within 1000 miles within 3.3 hours.

GF-STK-CL-7 The maximum runway length required for take-off for the aircraft shall be 1500 meters.

GF-STK-CL-8 The amount of harmful emissions emitted during manufacturing shall not exceed the amount of harm-
ful emissions during manufacturing of conventional similar aircraft.

2
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GF-STK-CL-9 The aircraft operations must be completed successfully without exterior in�uence (e.g. takeoff assis-
tance, etc.).

EASA & ICAO
GF-STK-REG-1 The aircraft shall comply with the applicable regulations declared by EASA.

Airlines
GF-STK-ARL-1 The average maintenance costs shall not exceed those of conventional similar aircraft.

GF-STK-ARL-2 The average operational costs shall not exceed those of conventional similar aircraft.

GF-STK-ARL-3 The lifetime of the aircraft shall be at least of same length as conventional similar aircraft.

GF-STK-ARL-4 The airline shall be able to choose its desired interior cabin design option.

GF-STK-ARL-5 The nominal scheduled turnaround time shall not exceed that of conventional similar aircraft.

GF-STK-ARL-6 The retail price shall not be higher than 125% of the retail price of comparable conventional aircraft.

Airport
GF-STK-ARP-1 The airport shall be able to integrate the systems for replenishing and maintenance services.

Governments and Regulatory Authorities
GF-STK-GOV-12 The aircraft shall have a maximum noise level of 85 dB.

GF-STK-GOV-2 The aircraft shall be designed in such a way that its end-of-life is considered in terms of optimising
the disassembly process and maximising recycling of components.

2.3. Requirements Discussion
After detailed analysis, some of these requirements are reviewed. First, an estimate for the total energy needed for the
mission is used to change the initial cruise range and speed requirements ( GF-STK-CL-5 & GF-STK-CL-6). It was also
determined that the noise requirement ( GF-STK-GOV-1) is not accurate enough.

2.3.1. Range
In order to make an assessment on the range requirement, several steps are taken. A market analysis is �rst conducted,
after which the total energy required is compared for different ranges to assess the increase in costs. Consequently,
the analysis is concluded and the range requirement is updated.

Market Analysis
As shown in Figure 2.1a, 80 % of all commercial regional passenger �ights have a range of below 500 nmi, with virtually
all �ights being below 1000 nmi. This is supported by other sources such as [8].

Required Mission Energy
Now that the typical range of regional aircraft is known, a preliminary energy analysis is conducted to �nd the energy
required for the mission.

In Table 2.1, the energy required for both ranges can be found. The energy to �y 1000 nmi with the Greenliner that is
designed for 500 nmi is calculated by multiplying the energy required to �y 500 nmi by three. This is a conservative
estimate, including two intermediate stops. The energy to �y 500 nmi with the heavier 1000 nmi version of the Green-
liner is equal to half of the energy needed to �y 1000 nmi. The average total energy is then calculated making use of
Equation 2.1.

Etotal aver age Æ80%¢E500 Å 20%¢E1000 (2.1)

As can be observed in the last column of Table 2.1, the average energy for the 1000 nmi Greenliner is 1.7 times the
energy needed for the 500 nmi Greenliner. In other words, it will be 70% more expensive in fuel costs to capture the
extra 20% of the market. Together with the customer this had led to the decision to change the original requirement.

1This requirement was modi�ed at a later stage, as speci�ed in subsection 2.3.1.
2This requirement was modi�ed at a later stage, as speci�ed in subsection 2.3.2.
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(a) Fraction of �ights with a certain range for regional aircraft,
from global statistics (adapted from[59])

(b) Greenliner energy required against design range

Figure 2.1: Comparison of amount of �ights and required energy versus range

Table 2.1: Energy needed for different ranges

Design Range Aircraft Energy 1000 nmi Energy 500 nmi Average Total Energy
1000 nmi 20210 MJ 10105 MJ 12126 MJ
500 nmi 15225 MJ 5075 MJ 7105 MJ

New Range Requirement
After these �ndings were presented to the customer, a new range requirement was formulated and agreed upon:

GF-STK-CL-5-n The aircraft shall have a nominal cruise range of at least 500 nautical miles.

In the same way, the cruise speed requirement had to be rewritten, as it depends on the range requirement:

GF-STK-CL-6-n The aircraft shall be able to reach any destination within 500 nautical miles within 2 hours.

The 2 hours in GF-STK-CL-6-n were determined by the ratio between range and travel time from the original require-
ments.

2.3.2. Noise Regulations
The requirement GF-STK-GOV-1 was speci�ed as: "The aircraft shall have a maximum noise level of 85 dB." In addi-
tion, the airplane should, according to GF-SYS-EXT.1-1, comply with the applicable regulations declared by EASA. It
was determined that these requirements are not accurate enough or even fallacious. First, the noise requirement does
not specify how thz 85 dB are measured. Furthermore, the noise regulations are typically not set by EASA but by ICAO
and are not speci�ed in dB, but rather, as described by ICAO regulations, dBA. ICAO presents a clear method on how
to measure all sound components and how to �nally calculate the dBA level.

Given these issues regarding the noise regulations, in cooperation with the client, the requirements were modi�ed
as follows:

GF-STK-GOV-1-n The airplane noise performance shall be in accordance to ICAO regulations.

2.4. Subsystem Functional Analysis
In this section, the technical functionality of the aircraft is discussed and functional requirements are presented for the
separate subsystems. First the desired functions of the aircraft during its lifetime are analysed in subsection 2.4.1. After
the chronological order of the functions has been set, a functional breakdown structure is used in subsection 2.4.2 to
analyse them in more detail. Hardware and Software Diagrams are presented to show the interrelation between several
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hardware or software blocks. To conclude this chapter, the Electrical Block Diagram is shown to present an overview
of all the subsystems that require power.

2.4.1. Functional Flow Diagrams
Functional �ow diagrams are used to depict the functions of a product in a chronological matter, while also maintain-
ing their interrelation. If the entire �ow is completed, the function of the product is ful�lled properly. In Figure 2.2 the
top level functional �ow is presented. In sections 2.4.1 - 2.4.1, phases 2, 3, and 5 are explained. As designing (phase
1) the aircraft and delivering (phase 4) it to the customer are not direct functions of the product itself, these are not
broken down. For the same reasons, the production phase is kept at a very basic level. The identi�ers in the blocks
reappear in the blocks of the functional breakdown structure (subsection 2.4.2). Also, the blocks are colour coded: red
for top level, yellow for �rst level, blue for second level and purple for third level functions.

Figure 2.2: Top level functional �ow diagram

Production Phase
The production phase can be observed in Figure 2.3. It consists of producing all necessary parts and assembling the
aircraft, after which the aircraft goes to the next phase: delivery.

Figure 2.3: Production phase functional �ow diagram

Operational Phase
The operational phase is the most important phase for the functional analysis of the product. The operational phase of
the aircraft consists of performing the air transport. This is further broken down into performing pre-�ight operations,
performing �ight and performing post landing operations sequentially. As this phase is the most important one, an
additional level of detail is added, as can be observed in Figure 2.4.

Disposal Phase
The �nal phase of product life is disposal. After the useful life, the aircraft is disassembled. The parts that can be reused
will be used for new aircraft, the reusable material will be processed and new parts will be manufactured. What is left
of the plane after these steps have been taken needs to be disposed of, and is not further used. The functional �ow of
this phase can be observed in Figure 2.5.

2.4.2. Functional Breakdown Structures
The functional breakdown structure covers a complete set of functions needed to ful�l the product mission. This is
done by subdividing functions into lower levels until the set is complete. In Figure 2.6 the top level functions for the
mission are described. The design phase is not included, since it is not a function the aircraft itself has to perform.
Besides, the delivery is not broken down for the same reason as in subsection 2.4.1.
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Figure 2.4: Operational phase functional �ow diagram

Figure 2.5: Disposal phase functional �ow diagram
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Figure 2.6: Top Level Functional Breakdown Structure

Figure 2.7: Production phase functional breakdown structure

Production Phase
The breakdown of the production phase can be found in Figure 2.7. As mentioned earlier, the production phase is
not elaborated in detail because it is not a direct function of the product. However, since sustainability should be
implemented in production phase, the reuse of parts and use of recycled material are shown next to the use of new
parts and new material.

Operational Phase
The functional breakdown structure for the operational phase is shown in Figure 2.8. From this �gure only the "Per-
form Air Transport" block is present in the functional �ow diagram (Figure 2.4 in Figure 2.4.1). This is due to the fact
that a functional breakdown structure describes additional and exceptional cases under which the aircraft has to per-
form all of the functions in the functional �ow diagram. For example, it should perform the mission in a sustainable
manner, perform revenue and non-revenue �ight and perform under abnormal operations (e.g. bad weather). Also
the aircraft has to be able to be maintained and supported. This can be found under the "Enable Assistance" block.
Finally, the aircraft has to provide communications with ground and other aircraft.

Disposal Phase
The functional breakdown structure of the disposal phase translates back to the functional �ow diagram in Figure 2.4.1
and adds another layer of functionality, as can be observed in Figure 2.9.

2.5. Design Options
To establish a design that complies with all requirements, a design option tree (DOT) was constructed to conceive
close to 150 different design options, after which the DOT was systematically pruned to leave only the most promising
options. It was concluded that the propulsion and energy storage components are most critical for this project and
therefore the viable combinations of these components were examined in greater detail.

The elements of the DOT were graded based on the de�ned criteria. The relative importance of each criterion can be
recognised in the order of application, with the �rst being of greatest importance. The �ve options resulting from this
process are listed above. The most important drivers for this selection were the maturity of the technologies, along
with the mutual compatibility of the combinations. Electrical propellers are proven to be feasible propulsion options,
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Figure 2.8: Operational phase functional breakdown structure



2.6. Concept Trade-off and Selection 9

Figure 2.9: Disposal phase functional breakdown structure

and can readily be combined with battery and fuel cell technology. As non-electrical options, hydrogen combustion
remains as the only technology developed enough to be used for the main propulsion system. After conducting this
�rst trade-off, the following �ve high level concepts were decided upon for further analysis, which are also presented
in Figure 2.10:

1. Propeller powered by batteries (electrical)

2. Propeller powered fuel cells (electrical)

3. Propeller powered by a hybrid battery and fuel cell combination (electrical)

4. Jet engine powered by hydrogen (combustion, non-electrical)

5. Propeller powered by hydrogen (combustion, non-electrical)

Figure 2.10: Sketches of the �ve concepts to be further analysed

The main focus of this design project is "green" �ying, i.e. �ying without harmful emissions, which is not possible
without a suitable and well designed propulsion system. As such, this subsystem must be carefully analysed and sized
according to the overall performance needs of the aircraft. To do so, the performance of the remainder of the aircraft
must be known in detail and with high con�dence. Because of this, it was decided to base the design on a standard
con�guration consisting of a fuselage and a wing, as analysis methods are readily available and have proven them-
selves. In the same way, this design option has proven itself in practical operations with decades of commercial �ying.
Therefore, this choice ensures that in the end, the goal of a commercially viable small emission free aircraft will be
achieved.

2.6. Concept Trade-off and Selection
After the �ve most promising concepts were selected, a �nal concept had to be selected for the detailed design in this
report. Yet again a trade-off procedure was developed and the �nal concept was then selected:

The Greenliner: A novel propeller aircraft featuring distributed propulsion over its low wing, with conventional
fuselage and tail con�gurations, which uses liquid hydrogen and fuel cells as its energy source.

After careful consideration of different criteria, hydrogen was selected as the main energy source during the trade-
off process. To maximise the overall system performance, the best hydrogen storage option was connected to the best
performing fuel cell, resulting in the combination of cooled liquid hydrogen (LH2) and a proton exchange membrane
fuel cell (PEMFC). The choice for liquid hydrogen has many important advantages and forms a crucial step towards
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the goal of emission-free �ying.

One such advantage is the weight. After estimating the total mass of the aircraft, it was found that the hydrogen
option would yield the lightest overall system. Especially in Aerospace Engineering, such system properties are indis-
pensable.

In terms of the system cost, one can observe that the hydrogen and fuel cell combination has been used in commercial
transportation solutions, also indicating high technical readiness. Most importantly, this will help to limit the retail
price of the end product to an acceptable extent, creating competition with conventional air transport.

However, the most important property of hydrogen for the purpose of this project is that it has the possibility to be
produced emission free and on-site at the airport, if renewable energy sources are used for the electricity supply. Since
water, which is needed to produce hydrogen, is easily available in many parts of the world, no scarce natural resources
are used in the production. This shows that the choice for hydrogen is ideal for the purpose of this sustainable project.

As illustrated not only by these aspects, but also many more, which can be found in this report, the chosen �nal
concept is very promising with respect to the goal of emission free �ying. In the last phase of the project, the "De-
tailed Design Development" phase, this concept was further developed. More detailed sizing methods were used for
all subsystems and after converging to a consistent design, it was further analysed on all important aspects, creating a
complete concept for the Greenliner. Where necessary, several changes were made to the "�nal concept" presented in
this section. The detailed subsystem sizing methods are presented in chapter 5 whereas the �nal results are presented
in chapter 6.



3
Sustainable Development Strategy

Sustainability can be described using three principles: �nancial sustainability, social sustainability and environmen-
tal sustainability. Only if the design complies to all three principles, it can be classi�ed as a fully sustainable design.
Furthermore, the product life time can be divided into three distinct phases: development, operation and end-of-life.
The three principles should be considered in all three product phases.

Sustainability throughout the three phases is realised by converting a linear economy into a circular one. The goal
of a circular economy is to minimise waste and to revitalise the end-of-life product into a new phase. As depicted in
Figure 3.1, a circular economy can be accomplished by applying various techniques. For example, the product can be
recycled or reused after end-of-life. Another technique is to elongate the products life by proper maintenance plan-
ning.

This chapter begins with a description of the sustainability strategy in section 3.1. In section 3.2 it is then explained,
how this strategy will be applied throughout the project.

Figure 3.1: Flow chart indicating a circular economy

3.1. Sustainable Engineering & Tools
In order to make sure the design is sustainable, a sustainability strategy is developed. First, the 5S design approach
is described and after that, the tools that are used to carry out the sustainability strategy are elaborated upon. These
tools are: regulations, a materials map, a production planning chart and resource budget sheets.

5S approach
The 5S design approach is followed throughout the whole project. This approach makes use of a descriptive step-by-
step table that consists of �ve phases: Sort, Set in order, Shine, Standardise and Sustain. However, 5S is said not to
be a list of action items but an integrated concept of actions, condition and culture. When fully implemented into
the design, the 5S process increases morale, creates positive impressions on customers and increase ef�ciency and
organisation. 1 All of this results in lean manufacturing: a manufacturing process in which waste is minimised without
sacri�cing productivity[39].

1Retrieved from https://www.isixsigma.com/tools-templates/5s/practical-approach-successful-practice-5s/ on 31 May 2018
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Regulations
The �rst tool that is used to develop a sustainable design is the regulations documentation of EASA and ICAO. CS-23 of
EASA and Annex 16 Volume 1 of ICAO and provide a basis for the requirements on sustainability because they consist
of guidelines, recommendations and checklist that can be used during design of the product.

Materials Map
One tool that must be used to assure a sustainable design is a materials map [74]. This map lays out all possible
materials to be used in aircraft and provides an overview of design possibilities. The materials map is a valuable tool
because it initiates a thought process for sustainable material usage.

Figure 3.2: The materials map for materials in the Greenliner

Production Planning Chart
To minimise waste, a production planning chart is essential. A production planning chart is a tool that describes the
production process in an illustrative manner so that it can be carried out smoothly, fast and ef�ciently. The assembly
sequence of parts into (sub)assemblies is organised in terms of working days and visualised in a chart comparable to
the Gantt chart. If the planning chart is properly created and applied, the production process will be cost effective,
time ef�cient and lean in resource usage.

Resource Budget Sheet
To eliminate waste, keeping track of resources is of great importance. A resource budget sheet is used for that. In a
resource budget sheet product elements such as cost, material availability and mass are planned, written down and
evaluated.

3.2. Sustainability Analysis & Compliance Tools
During the design phase, a plan for sustainability compliance analysis must to be created. To do this assessment,
various tools are created. The selected tools are a parts map, �nance tools, quality function deployment and a PLATE
spider map which are discussed in the following sections.
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Parts Map
A parts map is used after the design of the aircraft is completed. The parts map includes all parts that the aircraft
consists of. Using this map, one can make sure that every part is evaluated on all aspects such as mass budgets, cost
budgets and material usage. The parts map is shown in Figure 3.3.

Finance Tools
To estimate cost and pro�t, various �nance tools can be used. The total life cycle �nance can be divided into two parts:
production company �nance and operational �nance. For the production company, the production will consist of
development cost and manufacturing cost and aircraft sales will result in revenue. The airlines that will operate the
airplane will take into account the operational cost. For both parts, comparable tools can be used such as budget
sheets, cost models and revenue models. A �rst estimate of the life cycle cost is made in chapter 12.

Quality Function Deployment
The social sustainability is assessed mostly based on a quality survey. This survey collects client and customer feed-
back after which the feedback can be implemented in redesigns, future products or operation plans.

PLATE Spider Map
Lastly, a PLATE spider map is developed. This spider map visualises the sustainability score of the overall aircraft
design with respect to circular economy. Five criteria are mapped out in the spider map: recycle, future proof, disas-
sembly, maintenance and remake. The map clearly indicates strong points of the design and points that still require
improvement. If the aircraft has a high score on all aspects, it can be said to be a circular product design [74].
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Figure 3.3: The parts map of the parts in the Greenliner



4
Integration Methodology

Rather than manually sizing all subsystems and assembling them after each iteration, the complete design approach
including Class I and Class II estimation methods should be automised. The method of integration of all sizing and
estimation methods is described in section 4.1, followed by a description of the mission pro�le analysis method in
section 4.2.

4.1. Iteration Method
chapter 5 provides a complete picture of which subsystems must be sized and how this can be done however, these
must still be assembled in order to form an actual aircraft. Because these subsystems mutually in�uence each other
through their size, weight and drag, they must be sized in an integrated manner. A �ow diagram of the integration is
shown in Figure 4.1, which illustrates the structure of the main program. In the main, different functions are called,
denoted here as separate Python (.py) �les.

First, the OEM and MTOW are estimated through statistical Class I methods, which were presented in detail in the
Midterm Report of this project.[21] Although these values, together with the known requirements, form a suf�cient
base for some of the subsystem estimations, some other values must be roughly estimated, such as an initial wing
position or horizontal tail surface area. Then, through the mission pro�le module, which is explained in more detail
in section 4.2, the required hydrogen mass and other important parameters such as the wing reference area, the cruise
speed or the power required are calculated.

Next, semi-empirical Class II estimation methods, as presented in chapter 5, can be used to estimate the individual
contributions of each subsystem to the overall weight, dimensions and drag. The individual subsystems and the order
of the sizing procedures, which depends on the required variables, can be seen in Figure 4.1. Once this is done, the
weights and zero lift drag coef�cients can be assembled and the empty c.g. can be recalculated. From this, the tail
surfaces can be resized, the landing gears can be resized and re-placed and the wing position can be re-determined,
such that all stability and controllability requirements both during �ight and on the ground are met. This is explained
in detail in subsection 5.9.1. At this point, all relevant weights and dimensions are known.

However, these resulting values for the MTOW and OEM depend themselves on the initial MTOW and OEM estimates.
Since the methods used in this process are much more detailed, the results have a high con�dence, which also means
that it can be expected that these numbers differ signi�cantly from the very �rst estimates. A new estimate is then
needed, which starts the typical snowball effect. Therefore, it is necessary to iterate this process, until all relevant val-
ues converge below a certain threshold, which should be set at below 1%, depending on the desired accuracy in terms
of mass.

Furthermore, during the process, several "go/no-go" decisions are implemented, such as a function which checks if
the fuel cells �t in the wing or if the control surfaces �t on the relevant lifting surfaces.

4.2. Mission Pro�le
For the iteration method to be implemented at the subsystem level, a model for the mission pro�le is set up. This
model includes the phases that are identi�ed in Table 4.1, based on the pro�le set out in Figure 4.2. The main outputs
of this model are discussed here, as well as the most important assumptions.
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Figure 4.1: Flow chart of the main iteration program with outputs: Class II weight estimates and subsystem sizing and positioning
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The goal of this model is to run through the entire mission with a time step of one second and calculate all relevant
parameters for the subsystem sizing. The inputs are therefore the characteristics of the aircraft along with the mission
requirements such as range and time. The most important outputs of this program are:

• Airspeed : The airspeed is important to calculate required power.

• Altitude : Needed to calculate ambient conditions.

• Ambient Conditions : The ambient air temperature, pressure, and density are calculated based on ISA conven-
tions.

• Required power : The required power is calculated based on the mission phase, the airspeed, and ambient con-
ditions.

The required power at each timestep is the most valuable outcome of this approach. Because the mission of the
Greenliner is simulated with an accuracy of one second, the sizing of the subsystems can be based on energy and
power calculations that are quite accurate for this stage of the design, especially because the subsystem sizing is used
to update the inputs to the mission pro�le calculations.

In order to calculate the above listed parameters at every timestep, a number of choices and assumptions is made.

Climb: In this phase, the goal is to either operate the aircraft for minimal energy consumption or for maximum rate
of climb. The latter option is chosen, because the cruise speed is considered limiting for the design, and therefore the
time to climb should be minimal, to allow the cruise phase (which corresponds to the most ef�cient condition) to be
as long as possible. For maximum rate of climb, the following equation is used:

RCmax Æ
Pmax ¡ Preq

W
(4.1)

An additional assumption is that the aircraft climbs continuously up to cruise altitude. In reality, the climb will most
likely occur in steps, but for the design considerations in this phase, the assumption of continuous �ight is deemed
acceptable, because it does not change the requirements on performance.

Cruise : There are two main parameters that were used to set up the cruise pro�le: the cruise altitude and the cruise
velocity. The two are linked, because at any altitude, an aircraft has a certain optimum speed. This speed is optimised
for minimal energy consumption over the entire cruise, and is given by:
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s
W

S

2

½

1

CLopt
, with (4.2)
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Cd0¼Ae (4.3)

The expression for C Lopt follows from stipulating maximum L
D . Since the cruise speed is determined by the mission

time constraint, the optimal altitude can be found by rearranging Equation 4.2 to �nd the air density ½, which in turn
yields the optimal cruise altitude through ISA calculations.

Descent: Similarly to the climb pro�le, the descent is assumed to be continuous. The same reasoning applies as for
the climb pro�le. An additional assumption is that a small fraction of the cruise power is used during descent. This is
a conservative assumption, as kinetic energy recovery is currently being assessed for electric aircraft [111].

Figure 4.2: Schematic representation of the mission pro�le

From: To: Manoeuvre:
MTOM M1 Warm up
M1 M2 Taxi
M2 M3 Take off
M3 M4 Climb
M4 M5 Cruise
M5 M6 Reserve cruise
M6 M7 Approach
M7 FinalM Landing + Parking

Table 4.1: Mission pro�le elements
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Subsystem Design Methods

In chapter 4, the mission pro�le is presented and the iteration method is introduced. In this chapter, the approach
towards the Greenliner subsystem design is introduced, where the subsystems depicted in Figure 5.1 are discussed.
In section 5.1, the fuselage cross section is chosen and the resulting fuselage dimensions are presented. Then in
section 5.2, the cabin environment that ensures the passenger comfort is introduced, focusing on the air supply system
design. After that, the airfoil of the wing and tail is selected in section 5.3. The wing planform approach is discussed
in section 5.4. The propulsion system is introduced in section 5.5, where the bene�t of using DEP is elaborated, the
motor is selected and the sizing of propulsion unit is conducted. Then, the fuel cell subsystem model and sizing
is discussed in section 5.6, together with corresponding systems such as air and hydrogen transfer systems and the
water management system. After that, the LH2 storage is reviewed with proper insulation in section 5.7. The APU
subsystem is discussed in section 5.8. Stability and control will be introduced in section 5.9 by sizing the tail and
control surfaces and positioning the wing. After that, the landing gear design is presented in section 5.10. Lastly, the
feasibility of using a solar panel is elaborated in section 5.11.

5.1. Fuselage
As the Greenliner is a commercial civil aircraft, it has the main function of delivering its passengers from point A to
point B. Therefore, a comfortable cabin con�guration is a important consideration in fuselage design. During the
fuselage design process, there are two decisions to make before determining the weight and drag of the fuselage,
namely the fuselage cross sectional shape and the number of seats abreast. Once the cross section geometry is given,
the fuselage length including nose and tail cone can be estimated. The geometry of the complete fuselage is then used
for the weight and drag calculations. Veri�cation of these calculations is performed in section 8.1.

Fuselage Cross Section
In order to select the fuselage cross sectional shape, it should be decided if the cabin is pressurised or not. Since the
aircraft �ies at a high altitudes (explained in section 7.1), the pressure and temperature in the atmosphere is much
lower than at sea level. Without adjustment, the cabin environment would not be suitable for transporting people.
Therefore, cabin pressurisation is required. A circular fuselage is the most optimal shape in terms of pressurisation.
On top of that, the propulsive fuselage con�guration incorporated in the Greenliner (explained in section 5.5), will
also in�uence the choice of cross sectional shape. As introduced in section 5.5, distributed propellers are mounted
at the back of the fuselage. Therefore, the manufacturing process is challenging for irregular shapes. Concluding, a
circular cross section is the best choice concerning both pressurisation and propulsion system mounting.

Now that a circular shape has been chosen, the cabin arrangement for 19 passengers can be determined by the number
of seats abreast in the cabin. This number of seats abreast is used to calculate the the fuselage width. Because there
should be no more than two seats accessed from one aisle, there will be three resulting options: two seats, three seats
and four seats abreast. In Figure 5.2, these three options are presented. Logically, less seats abreast leads to a longer
cabin. Because the fuel tank should also be located in the fuselage, the length will increase even more. Since the
fuselage contributes greatly to the total aircraft weight, it should be optimised on this parameter. Concluding, the
fuselage design must be optimised not only in terms of length but also in terms of diameter (seats abreast), because
these two parameters determine the fuselage weight.

Fuselage Length
Fuselage length is generally divided into three compartments: the nose section, the cabin section, and the tail sec-
tion. However, for the Greenliner, there is an additional compartment required to store the LH2 tank (discussed in

18
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Figure 5.1: Exploded view of the Greenliner subsystems

Figure 5.2: Cabin layout options: 2 seats abreast, 3 seats abreast, 4 seats abreast

Figure 5.3: De�nition of �neness ratio of the aircraft nose and tail
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section 5.7) and APU. The length of the various compartments is discussed below.

The nose and tail length are estimated based on the drag-optimised �neness ratio range. The �neness ratio is de�ned
as the ratio between the diameter and the length from a top view, as shown in Figure 5.3. For a subsonic aircraft, the
nose �neness ratio is limited by fuselage drag [67]. Therefore, a nose �neness ratio is set to be 1.5 while a tail �neness
ratio of 2 is used. The corresponding nose and tail length can be found in Table 5.1.

In the nose, where the cockpit is located, avionics are installed to control the aircraft during operation. The avionic
types such as weather radar, �ight-control system, communication are not described in detail in this report. However,
to ensure the certi�cation of the Greenliner, all avionic systems should be properly selected and installed so that the
aircraft can be controlled. The tail design approach is discussed in more detail in subsection 5.9.1.

The spacing of the interior of the fuselage is determined more by market and passenger comfort consideration and
less by regulations [77], so that the seat pitch, width and aisle width of the Greenliner is de�ned based on reference.
The economic class seat sizing is used, so the seat pitch, width and aisle dimensions are 0.74 m, 0.5 m, and 0.5 m
respectively. They are depicted in Figure 5.4. The combination of these dimension, determines the cross section di-
ameter which results in 2.19 m for the three seats abreast con�guration. Furthermore, based on FAA Regulation part
25, when 19 passengers are on board, the aircraft should have a Type II exit on each side of the fuselage. A Type II exit
door has a dimension of 1.12 m in height and 0.5 m in width.

Figure 5.4: Seat dimension: seat pitch, width and aisle width[77]

Fuselage Mass
Fuselage mass estimation can be performed based on Raymer's statistical method. When calculating fuselage mass
with Raymer's statistical method, Equation 5.1 is used [77]. This method does not use SI units nor conventional sym-
bols so the output is converted for further design steps.

W f us Æ0.3280Kdoor KLG(Wdg Nz)0.5L0.25S0.302
f (1Å Kws)0.04(L/ D)0.1 (5.1)

Here, W f uselage is the estimated fuselage mass. The statistical values are retrieved from [77]: Kdoor , the coef�cient for
the cargo door, is 1.06 because one cargo door for luggage is chosen. Kl g is the coef�cient for landing gear. Since wing
mounted landing gear con�guration is chosen in section 5.10, this value is set to be 1.0. Wdg is the design gross weight
of the aircraft. Nz is the ultimate load factor which is 1.5 times the design load factor calculated in Equation 5.2.

Nz Æ1.5. . . (2.1Å 24000/(Wdg Å 10000) (5.2)

This Nz value should not be greater than 3.8 based on regulation[25], therefore, the smaller value between the ulti-
mate load factor and 3.8 is chosen for Equation 8.1. L and D are the length and diameter of the fuselage, which are
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determined once the geometry is known. Sf is the fuselage wetted area given in m 2. Also Kws is set to 0 because no
sweep is considered for the wing.

For all three con�gurations depicted in Figure 5.4, these equations result in a different total fuselage mass. After
analysis of the con�gurations and their mass, it is concluded that the optimal cabin con�guration is the one with
three seats abreast, the middle picture in Figure 5.4. This fuselage mass calculation is based on statistical approach.

Fuselage Drag
The drag of the fuselage is calculated through the following equations. As shown in Equation 5.3, the zero lift fuselage
drag CD0f us depends on fuselage drag coef�cient cf us and the ratio between wetted fuselage area, Swet , and the air-
craft reference area, Sre f [67].

CD0f us Æ(cf us ¢Swet )/ Sre f (5.3)

The variable cf us is the product of three drag coef�cients, namely the �at plate skin friction coef�cient c f , the com-
ponent form factor f f , and the interference factor i f c. The �at plat skin friction coef�cient estimates the skin friction
drag component. It is strongly dependent on the type of boundary layer �ow, i.e. laminar or turbulent. There is no
de�ned value for the ratio of laminar to turbulent �ow. Based on [67], a ratio of 10% laminar c f to 90% turbulent c f is
assumed. These values are calculated by Equation 5.4 and Equation 5.5 respectively, after which the weighted average
is used as the �at plate skin friction coef�cient c f .

c fl am Æ
1.328
p

Re
(5.4)

c ftur Æ
0.455

(log10Re)2.58(1Å 0.144M 2)0.65
(5.5)

Re in Equation 5.4 and Equation 5.5 represents the Reyonlds number. This indicates the ratio of inertia forces to vis-
cous forces in the �ow. With a higher Reynolds number, a higher skin friction can be observed. However, when the
�ow is turbulent, there is a cut-off Reyonlds number after which the skin friction coef�cient is constant. Therefore,
the actual Reyonlds number is de�ned by the smaller value presented between Equation 5.6 and Equation 5.7. The
skin roughness constant ( k) is taken for a smooth surface as (0.634 £ 10¡ 5 m).
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Recuto f f Æ38.21(
l

k
)1.053 (5.7)

The component form factor f f estimates the pressure drag due to viscous �ow separation. It can be calculated with
Equation 5.8, which is for the fuselage component.

f f Æ
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D )3

Å
L
D

400
(5.8)

The last factor used to calculate cf us is the interference factor i f c. This factor accounts for the interference caused by
the thick boundary layer that occurs at the connection point of two components. As the propellers are far towards the
back of the fuselage, this factor is chosen as 1.0 (negiligible interference).

Summary of the Three Options
The design choices lead to the fuselage dimensions shown in Table 5.1. The reasons for selecting a three-seats abreast
design option are as following. A two-seats abreast option results in a very long aircraft, which has a higher drag
comparing to the other two option. Meanwhile, the four-seats abreast option is heavier than the three-seats abreast.
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Table 5.1: Summary of the fuselage layout for different seats abreast options

Seat Abreast/
Geometry

Aisle
Height
[cm]

Fuselage
Diameter
[m]

Nose
Length
[m]

Tail
Length
[m]

Fuselage
Weight
[kg]

Fuselage
Induced Drag
[-]

Two Seats Abreast 152 1.85 2.78 3.7 2419 0.007
Three Seats Abreast 183 2.19 3.29 4.38 2323 0.00638
Four Seats Abreast 188 2.7 4.05 5.4 2360 0.008

Fuselage Sustainability
Sustainability of the fuselage design is assessed in three different phases: production, operation and end-of-life.

Fuselage production can be divided into several sections: nose, forward, fuselage and wing joining, aft and lastly tail.
Each section can be produced independently and assembled at a central location. For Greenliner fuselage production,
the Fuselage Automated Upright Build (FAUB) system will be implemented, like the Boeing 777X and 777 model 1. This
process is faster, more precise and more cost bene�cial than non-automated production processes; Less errors can
be expected during production, therefore, the Greenliner will have a high reliability. This automatic production line
will require a large investment on design and programming of the robots to adapt to the Greenliner production but in
long term, the production of the Greenliner is more �nancially sustainable [102].

During operation, the fuselage of an aircraft generates about 20% of the total drag. The design approach to reduce
drag introduces the following characteristics: Firstly, a circular shape cross section is used instead of a rectangular one
like the reference aircraft the Dornier 228. Secondly, small propellers are installed at the back of the fuselage, which
can reduce the boundary layer thickness along the fuselage. This corresponds to a smaller drag coef�cient for the
fuselage. Further analysis on the effect of propulsion choices can be found in section 5.5.

To be �nancially sustainable, the maintenance should be analysed in two aspects. One is the order of maintenance
tasks and the other is the ease of accessibility of the components. The overall night maintenance plan and out of ser-
vice operation plans should be constructed. In such plans, both sequential and concurrent tasks should be de�ned
clearly so that the maintenance can be a repeatable event with schedule and milestones. Meanwhile, the fuselage
should be easy to access, meaning that loading and unloading passengers and cargo should be comparable to con-
ventional aircraft. More detail on maintenance tasks can be found in section 10.4.

At the end-of-life, the reuse and recyclability of the fuselage will determine the sustainability of its design. Since the
fuselage is mostly made out of aluminium, the recycalbility of the fuselage is high. Within Europe there are many
aircraft disassembling companies, such as Stolwerk Metaal BV and AELS (Aircraft End-of-Life Solution). Cooperation
with these companies will be set up and maintained in the later phase of the aircraft design so that the environmental
impact of the Greenliner at the end-of-life can be reduced.

5.2. Cabin Environment
Cabin environment is the most important area for the passengers as it in�uences the passengers' onboard experience
during the �ight. Essentially the cabin environment is the area where passengers are interacting with the aircraft.
Therefore, having an easy-to-use and comfortable cabin environment will increase passenger satisfaction. Detailed
information on seat arrangement and interior layout is presented in section 5.1 and it is not discussed here. In the
following paragraphs, the cabin environment design of Greenliner is introduced, with the focus on air supply system,
water and waste, food and galley, window design, and safety considerations.

Air Supply System
The air supply system has three main functions: to supply fresh air and remove pollutants, to pressurise the cabin,
and to control the technical equipment. During �ight operation, ventilation is required provide a suf�cient amount
of uncontaminated air to ensure that the crew members are able to perform their duties without discomfort, and to
provide the passengers with a comfortable environment within the cabin. This means that the cockpit and the cabin
should be free from harmful concentrations of gas or vapours. In reference [69], the maximum Carbon Monoxide (CO)

1 Retrieved from https://www.boeing.com/features/2017/02/faub-777-assembly-02-17.page on July 2nd 2018
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concentration should be less than 5% in the compartment occupied by the crew and passengers. Additionally, with the
use of hydrogen as energy source, proper ventilation of hydrogen should prevent potential threat to the passengers on
board [70]. On top of that the hydrogen tank is isolated from the cabin. A schematic for ventilation and re-circulation
within the aircraft is presented in Figure 5.5. The speci�cs of this system are discussed below.

Figure 5.5: Ventilation and �ow re-circulation inside the Greenliner cabin

Air Inlet
The air used in the circulation comes from external �ow via air intake. The air supplied to cockpit and cabin is reg-
ulated via an environmental control system (ECS). The average air �ow per passenger is required to be 20 m 3/ min ,
which is regulated with half re-circulation air and half fresh air [112]. Conventionally, the air intake is absorbed via
engines, where air is compressed and cooled before mixing with the internal re-circulating air. However, this does not
apply to the Greenliner concept, as the motors do not take in air. In stead, the air inlet is designed to be along the
fuselage in front of the wing, where it performs two functions: Firstly, providing fresh air into the cabin, and secondly,
serving as oxygen supply for the fuel cells. The air inlet location is shown in Figure 5.5, while the geometry is shown in
Figure 5.20.

Air Mixture
Once the make-up air, also known as the external air, is sucked and compressed in the air intake, it becomes the bleed
air. The bleed air is �rst distributed into fuel cell use and cabin use. The cabin uses the fresh air combined with the
recirculating air at the Mixer Unit after being cooled down. Then the breathable air mixture re-enters the cabin and
cockpit with the assistance of a fan and �lter, which removes unwanted substances introduced along with the bleed
air and recirculated air. These unwanted substances include gases, vapours, smoke, fumes, and mist from bleed air,
as well as anthropogenic constituents from crew and passengers such as dust and �bres from recirculated air. These
particles are captured and �ltered with a high ef�ciency particulate air (HEPA) �ltration system. With the HEPA �l-
tration system, dusts, �bres, bacteria cells and pollen grains with a size range of 0.3 &m to 10 &m are collected in the
recirculated air. This cleaned air is then distributed throughout the cabin and cockpit and this process is regulated by
the ECS with the objective of providing good air circulation and uniform temperature. The distributed air enters the
cabin and �ight deck through diffusers on the ceiling of the aisle or the over head baggage compartments. A uniform
temperature throughout the cabin can obtained because the fresh air from the diffusers is at a consistent temperature
level after going through the Mixer Unit. The temperature can be regulated by mixing with the hot air from the fuel cell.

Air Circulation in the Cabin
The fresh air enters the cabin through different diffusers and these diffusers are divided into three compartments,
namely the cockpit, cabin, and fuel storage. The cabin is divided into different segments to maintain a high level of
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quality in air circulation for all passengers. Five diffusers are used to ensure that different compartments will experi-
ence similar air conditioning. As for compartment 6, where the hydrogen tank is stored, there is a separate circulation
diffuser. This ensures the cryogenic tank does not experience a heat exchange and increase temperature too much.
The operation of the diffuser is dependent on the compartment conditions. Under normal conditions, there is a small
amount of leakage, so the diffuser is turned on when hydrogen has a concentration of 2% inside the compartment.
This is a safety control to ensure that hydrogen does not accumulate to a �ammable density of 4% [49]. Under tank
malfunction, where the tank has a crack, the diffuser is turned to maximum to ensure that the surrounding structure
is not affected by the cold hydrogen. The air is expelled to the outside of the aircraft through an exit. This exit is also
used to remove the unwanted air from the cabin or from the fuel cell. All re-circulation air either enters the loop or
entering the air exit and expelled

Pressurisation
During operation, Greenliner �ies at cruise altitude of 39000 ft. A pressurised cabin is used for Greenliner to maintain
a high level of passenger comfort. The cabin pressure altitude is maintained at 8000 ft, at which supplementary oxygen
supply is not required, and an ambient pressure of 0.76 bar is maintained. The circulated air also adjusts the pressure
level throughout the mission. Especially during climb and decent, the ECS controls the required pressure by sucking
in or expelling air.

Heat Exchange
As shown in Figure 5.5, cold fresh air is used to cool down the PEM fuel cell temperature. Meanwhile, in case of a higher
temperature required for the cabin, heat released by the PEM fuel cell can be used to increase the cabin temperature.
However, this heat exchange is not expected for the circulation line entering into the fuel cell compartment. This
circulation line should not be turned on unless necessary as the higher the tank compartment temperature is, the
higher the boil-off loss of LH2 becomes.

Water and Food Supply
Aside from air supply, other important aspects that help maintain a comfortable environment for the passengers
include water and food supply, as well as the related waste. During operation, the fuel cell system generates H2O as
byproduct. The fuel cell water management system will transport this byproduct for lavatory use. The aircraft will
have a water tank that can be �lled during ground operation, which is located under the cabin �oor. Additionally,
there is the waste tank that connects the lavatory and galley waste disposal unit. As for galley and food storage, this is
located at the front of the cabin. Since the whole mission duration is 2 hours, no meal is provided to the passengers.

Safety Considerations
The safety consideration regarding oxygen supply during emergency situations should be analysed. Different forms
of oxygen supplies exist for aircraft application, including gaseous form, liquid form, chemical or solid oxygen, and
Onboard Oxygen Generating Systems (OBOGS). Gaseous form or liquid form of oxygen are discarded because they
requires a storage tank, which is three times heavier than a solid oxygen generator for the same quantity of oxygen
available [29]. In a solid oxygen generator, sodium chlorate is used with a spring-loaded �ring pin. Once the pin is
pulled, oxygen is produced as the product of sodium chlorate burn. However, this option is not considered as safe
because highly �ammable hydrogen is stored on board. The option chosen for the Greenliner is the OBOGS which
uses molecular sieve to separate oxygen from other gases in the air [29]. This option also has a high life cycle compare
to GOX and LOX.

Sustainability
When using such environmental control system described above, a high level of passenger comfort can be maintained
throughout the �ight. While the aircraft presssure is maintained at 8000 ft cabin altitude, passengers and crews can
also experience fresh air throughout the �ight. When the passengers are informed about the separate air circulation
compartment for the hydrogen storage, public concern regarding hydrogen safety will reduce. The HEPA �lters ensure
that the bacteria and dust will not enter the cabin, so that passenger do not need to worry about health issue. Further-
more, as no combustion engines are used and all propellers are installed at the back of the aircraft, the passengers on
board will experience less noise. This shows that the Greenliner is socially sustainable.

5.3. Airfoil
In this section the selection process for the main wing and tail airfoils is described and both airfoils are presented.
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5.3.1. Approach to Airfoil Selection
Selecting an airfoil can be a very time consuming process. Especially when the airfoil is designed from scratch, it will
require a lot of testing, as well as �nancial means and human resources, before it actually can be used. In this stage of
the design, it is therefore appropriate to select an existing airfoil from the NACA airfoil database in [1], based on the
experimental data which this book contains for all the different airfoils.

An assessment of the NACA airfoils is done by examining three main characteristics: airfoil thickness, design Cl , and
drag bucket. Then at the end of this section �ve airfoils will be selected for trade-off, which will be executed in Equa-
tion 5.3.1.

NACA 4, 5 or 6 Digits [92]
The different NACA versions are given in a series of digits. The numbers stand for geometrical values or aerodynamic
characteristics of the airfoil. The amount of digits already gives information about the performance of the airfoil.

The NACA 4-digit airfoils have good stall characteristics, as after reaching the relatively high maximum lift coef�cient
they will only trend gradually to stall. The airfoils have relatively high drag, and therefore they are not suitable for the
entire wing, but they can be used in the wingtip sections or tail wings due to their good stall behaviour. The NACA
5-digit airfoils (focusing on the 230-series) have high values for the maximum lift coef�cient, but less favourable stall
behaviour. The 6-digit airfoils have been designed to have very low drag values in a range of lift coef�cients (drag
buckets). These airfoils often have a lower maximum lift coef�cient than the other two NACA versions, though this
can be compensated by having a higher camber or thickness. A disadvantage of these airfoils is that they are very
sensitive to dirt, which can signi�cantly increase the drag. However, the NACA 6-digit airfoils are the most researched
airfoils, which means that there is elaborate experimental data available, while the other two have less data available.

Wing Thickness Ratio
Since the fuel cells will be stored in the wing, �rstly it should be considered if there is a minimum required wing thick-
ness to �t them in the wing. The fuel cells are very thin and can be stacked, so it is expected that this will not be a
constraint for the wing thickness.

Furthermore, the wing thickness has an in�uence on the following characteristics: drag, weight, and maximum lift
[79]. As the drag tends to increase with thickness because of the pro�le drag, the maximum lift will also increase by
increasing wing thickness. This will be subject to a trade-off by looking at the drag and lift curve of the particular
airfoils. The weight is another consideration. The wing weight will decrease with increasing thickness ratio due to
increased bending and torsional stiffness [79]. In conclusion, the goal is to �nd the airfoil with a high wing thickness
ratio, while also striving for the optimal lift to drag ratio.

Design Cl and Drag Bucket
As mentioned before, the NACA 6-digit airfoils have drag buckets. This characteristic is very useful when choosing
an airfoil. From the requirements a design lift-coef�cient can be determined. Cldes is determined by using the lift
equation [66]. The main wing needs to take into account compensation for the down force of the tail wing, which is
assumed to be 10% of the total lift [66]. This value can then be used in combination with the wing loading, cruise
velocity, and density at cruise altitude implemented in Equation 5.9 to come up with the design Cl . Cldes can be used
to pick the most suitable airfoils by looking at the drag buckets of the airfoils. If the Cl value is within the bucket
range, the airfoil is suitable to be used. As a note: the 5-digit airfoils also have some sort of drag bucket, but only less
extensive.

Cldes Æ1.1
1

q

W

S
(5.9)

Suitable Airfoils
For selecting the airfoils for the trade-off, �rstly the airfoils of the reference aircraft from [20] were considered. Then
from experimental data in [1] the airfoils were picked, which have a drag bucket which complies with the Cldes. Since
only one of the reference airfoils was suitable (only NACA 23018), there was decided to pick four other airfoils from
[1], which also have favourable lift and drag characteristics. Now, the most suitable airfoil from these �ve airfoils can
be selected by comparing different relevant parameters in a trade-off.
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Figure 5.6: Shape of the NACA 23018 airfoil [37]

Airfoil Trade-off
In this section the airfoil trade-off is executed. The trade-off is performed by comparing �ve airfoils by means of the
various relevant parameters. The trade-off is done in Table 5.2. The �rst column contains the parameter which is eval-
uated for each airfoil, the text in between brackets indicates the best option. For each parameter, the best performing
airfoil is highlighted. At the time of airfoil selection, a lower cruise altitude was estimated than the current value, so
that the C ldes was inside the drag bucket of all the airfoils. However, after some new calculations were published the
cruise air density turned out to be lower (due to a higher cruise altitude), and thus the design Cl was increased. This
is the reason for the three middle airfoils not having the Cl value inside their drag buckets.

From the trade-off, three airfoils received the highest score. Only two of these have a suitable drag bucket range,
which is considered to be an important parameter in this stage of the design, due to the �exibility it offers. For this
reason the airfoil with the highest drag bucket range, which is NACA 23018, is chosen as the most suitable airfoil for
the Greenliner. Figure 5.6 gives the geometry of this airfoil.

Parameter NACA 23018 NACA 63(3)618 NACA 64(3)618 NACA 64(4)421 NACA 65(3)618
Thickness ratio (high is best) 0.18 0.18 0.18 0.21 0.18
Sensitive to surface quality? (preferably no) N Y Y Y Y
Cl for AOA=0 (closest to CLcr ui se is best) 0.1 0.4 0.4 0.3 0.4
AOA for Cl =0 -1 -4 -4 -3 -4
Cl max (highest is best) 1.6 1.5 1.5 1.4 1.5
AOA of Cl max (highest is best) 16 12 18 20 18
Stall characteristics (A,B,C) C B A A A
Cdmin (lowest is best) 0.007 0.0055 0.005 0.00555 0.005
Cl of Cdmin (closest to cruise is best) 0.3 0.2 0.3 0.1 0.3
(Cl / Cd )max (highest is best) 120 167 200 167 200
Cl of (Cl / Cd )max (lowest is best) 1.2 1 1 1 1.2
Cruise Cm (closest to 0 is best) 0 -0.1 -0.1 -0.07 -0.1
Drag bucket starts at Cl -0.1 0.2 0.3 0 0.3
Drag bucket ends at Cl 1.2 1 1 1 1.2
Drag bucket length (largest is best) 1.3 0.8 0.7 1 0.9
Is Cl cr ui se inside drag bucket? (preferably yes) Y N N N Y
Total 6 2 6 4 6

Table 5.2: Trade-off table for airfoil selection

5.3.2. Airfoil Horizontal and Vertical Tail
The airfoils for the horizontal and vertical tail are determined by taking the requirements of the performance of both
tails into account. Firstly, they need to be able to exert a positive as well as a negative lift, so they require a symmetric
airfoil. Next to that, it is favourable to have a high range of usable angles of attacks and a high slope of the Cl-alpha
curve [92]. For these reasons it is decided to use the NACA 0012 airfoil for both the vertical and the horizontal tail. It is
a symmetric airfoil with good stall characteristics.

5.4. Wing Planform
In this section the methodology for determining the wingplan parameters is given. The parameters that need to be
selected are the aspect ratio (A), quarter chord sweep angle ( ¤ 0.25c), taper ratio ( ¸ ), the incidence angle ( i ), the wing
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twist ( Á), and the dihedral ( ¡ ). The combination of parameters is optimised during an iterative process. This iterative
process consists of assessing the wing performance on wing lift curve, drag polar, maximum lift coef�cient, CLmax ,
and stall angle of attack, ®s explained in subsection 5.4.1 and subsection 5.4.2. The results of this optimisation after
iteration is given in section 7.2. Simultaneously, the design is assessed based on wing structural weight using the
Raymer weight estimation method [77]. Then, the wing design is �nalised by selecting the vertical position of the main
wing and the wing tips. Additionally, the incidence angle, wing twist and dihedral are selected based on a suggested
range of values depending on aircraft category [77]. Lastly, the process of arranging the wing structure is described.

5.4.1. Wing Lift Curve
The wing lift curve is computed by making use of the DATCOM method for estimating CL®, given in Equation 5.10.
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In this formula, ¯ is a compressibility correction factor, given by:

¯ Æ
q
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After computing the lift curve slope, the maximum lift coef�cient is calculated at landing conditions. To do this, the
wing design is categorised as high or low aspect ratio. The wing has a high aspect ratio if the following holds:

A È
4

(C1 Å 1)cos(¤ LE)
(5.12)

When using the current estimate of 10 for A in Equation 5.12, it can be concluded that the Greenliner is categorised as a
high aspect ratio wing aircraft. Based on that fact, suitable formulas for CLmax and ®s are used, given in Equation 5.13
and Equation 5.14.

CLmax Æ[
CLmax

Cl max

]Cl max Å ¢CLmax (5.13)

®s Æ
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Å ®0L Å ¢ ®CLmax
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These formula are obtained from the Raymer method [77], in which also the corresponding graphs are presented to
obtain the variables in the formula. When interpreting these graphs, it is assumed that CLmax occurs at landing, where
the Mach number of the aircraft is lower than 0.2. After multiple iterations, the �nal lift curve can be constructed. The
result is given in chapter 6

5.4.2. Drag Polar
Equation 5.15 and Equation 5.16 are used to construct CD and CL and thus the drag polar.

CL ÆCL®(®¡ ®0L) (5.15)
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The total zero lift drag ( CD0) presented in Equation 5.17 depends on the airfoil, fuselage, engine and mission char-
acteristics. To calculate this value, the Raymer method presented in [67] is used. The �nal drag polar is given and
explained in section 7.2.



5.4. Wing Planform 28

High-Lift Devices
In order to take-off and land, high lift devices are installed. When considering high lift devices, a compromise has
to made lift capabilities and complexity of the design. The more complex a high lift device, the larger the risk and
the bigger the manufacturing and maintenance cost. Because the aircraft has a moderate take-off weight, it does not
require high complexity lift devices such as triple slotted �aps. On the other hand, the increase in lift of basic high lift
devices such as split �aps is much smaller than the increase in lift of slotted �aps. For this reason, an intermediate
solution is chosen: single slotted �aps. An increase in lift is initiated by an extra upward air �ow through the air gap
over the upper surface of the �ap. This extra air �ow streamlines the �ow over the surface and by doing that, energises
the boundary layer, which leads to a higher production of lift.

5.4.3. Wing Structural Weight
To optimise the wing geometry, the weight of the wing is estimated. For quick estimation, the Raymer method that is
based on statistical data is suitable [77]. For a cargo/transport aircraft, the formula for wing structural weight estima-
tion is given in Equation 5.18. This method does not use SI units nor conventional symbols so the output is converted
for further design steps.

Ww Æ0.0051(Wdg Nz)0.557S0.649
w A0.5(t / c)¡ 0.4

root (1Å ¸ )0.1cos(¤ )¡ 1.0S0.1
csw (5.18)

5.4.4. Finalising Wing Design
In conventional aircraft design, there are three main con�guration options for the position of the wing: low wing, mid
wing, and high wing. The choice is made to have a low wing con�guration because of several advantages.

First of all, a low wing allows for a continuous wing structure in which the left and right wings are connected in the
belly of the fuselage. Due to this, the wing structure is much stronger than in the case of a mid wing con�guration.
This structural advantage reduces the weight of the wing. Another advantage is that the main landing gear integration
becomes much simpler and more ef�cient, which reduces the landing gear structural weight. The last main bene�t is
the accessibility of the wings. On a low wing, maintenance operations are more easily performed. A high wing con�g-
uration is mainly used in speci�c cases because of better wing clearance. For example, some aircraft are designed for
STOL (Short Take-Off and Landing), or for unprepared runways. These aircraft thus require larger clearance, which
leads to the choice for a high wing con�guration. Since the Greenliner does not have wing mounted engines and does
not require STOL or landing at extreme conditions, a high wing is not necessary.

During the wing design, the choice is made to add winglets to the wingtips of the aircraft. Although winglets are most
effective in high speed �ight and the Greenliner �ies at moderate speeds, winglets still improve the performance. This
is because winglets use the tip vortex energy to reduce the lift induced drag by increasing the effective aspect ratio of
the wing 2.

To �nalise the wing planform design, three design choices still have to be made: the wing incidence angle, the wing
twist and the dihedral. The average wing incidence angle (twisted wings) for transport aircraft is set at the typical
value of 1 degree [77]. Wing twist is an important parameter with respect to stall characteristics of the wing. A wing
should stall from root to tip so that it is still controllable in stall. Therefore, the wing tip should have higher CLmax than
the wing root. To assure this, the wing tip often has a lower angle of attack than the root. This characteristic is called
washout. According to reference [77] it can be assumed that a twist of 3 degrees provides adequate stall characteristics.
Lastly, the dihedral needs to be determined. The dihedral affects the stability of the Greenliner, since it has a restoring
effect when banked. On top of that, the effect of the dihedral is dependent on the vertical position of the main wing.
The low wing con�guration, in combination with an unswept wing, results in a dihedral of 5 to 7 degrees (upwards),
according to Table 5.3. The average of these values is taken, which sets the aircraft dihedral at 6 degrees.

5.4.5. Wing Structural Arrangement
The outputs of designing the structural arrangement of the wing are the locations of the spars and ribs in terms of
chord- and spanwise locations. This structural arrangement requires as input the location of the moving surfaces and
all the subsystems attached to the wing. With these known, the following steps can be taken to establish the structural
arrangement [79]:

2Retrieved from: http://aviationweek.com/blog/winglets-all-shapes-sizes-and-uses on 02-07-2018
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Wing Position Low Mid High
Unswept (civil) 5 to 7 2 to 4 0 to 2
Subsonic swept wing 3 to 7 -2 to 2 -5 to -2
Supersonic swept wing 0 to 5 -5 to 0 -5 to 0

Table 5.3: Dihedral preliminary design guidelines [77]

1. On the lifting surface, identify the moving surfaces, such as �aps and ailerons

2. Position the rear and front spar leaving enough room for hinges on the moving surfaces

3. Determine potential cutouts in the wing for items such as doors or emergency exits and add ribs at these loca-
tions

4. Determine the location of the landing gear and add local ribs to support the attachment

5. Locate any other major masses, such as engines or fuel tanks which require ribs for attachment

6. Investigate whether items can be relocated to achieve structural synergism, meaning for instance ribs can be
overlapped to attach multiple items

7. Fill in the empty spaces with the ribs according to standard spacing of 24 inches

This results in the �nal wing planform with the moving surfaces, cutouts and the spars and ribs. The only step left
at that point is the material selection. For this selection three materials are considered; aluminium, titanium, and
composites. The desired characteristics of the wing are a high strength and some �exibility. For this it is not worth it
to pay the extra price for titanium or composites and their high stiffness. Because of this, the wing structure will be
made out of aluminium, speci�cally Al 2024-T3.

5.4.6. Sustainability
Intrinsically, when comparing the wings of the Greenliner to those of conventional aircraft, they behave alike in terms
of sustainability, due to the similarity in material usage. There are, however, steps to be taken to ensure an improved
sustainability.

In terms of development, aluminium is easy and relatively cheap to manufacture. Also, since aluminium is so recy-
clable, the required aluminium production can all be from recycled aluminium, lowering the environmental impact.
Additionally, to improve the production process automated production is strived towards. For the wing production,
this presents a challenge. This is due to the internal structure, which consists of hollow cells, making the insides dif�-
cult to reach. At the Fraunhofer Institute for Machine Tools and Forming Technology IWU in Chemnitz, an automated
robot arm has been developed for the assembly of, among other parts, the wing 3. Making use of these machines will
improve the production rate and costs.

During operations aluminium will have reasonable maintenance costs, because it is naturally resistant to corrosion.
Also, the parts are closely monitored and separated, and it will be easier to simply replace a small broken part instead
of having to replace a bigger portion of the structure, lowering maintenance times and costs. For the environmental
aspect, the airfoil has in part been selected in such a way to �y with the lowest overall drag, lowering the fuel con-
sumption.

And �nally, after the lifetime of the aircraft, the parts that can not be reused can be completely recycled. It should be
noted that reusing parts will be facilitated as much as possible since reusing a part will be more ef�cient than recycling
it. Furthermore, because the parts are closely monitored and separated, the lifetime of the wing and thus aircraft will
be maximised.

5.5. Propulsion
From the Midterm Report [21] it was concluded that the Greenliner should make use of distributed electric propul-
sion, since the bene�ts in propulsive ef�ciency are signi�cant. However, the layout was not yet mentioned, nor how
many propellers or motors are used to achieve that effect. This will �nally be presented in the following section.

3Retrieved from https://www.fraunhofer.de/en/press/research-news/2014/may/automated-assembly-of-aircraft-wings.
html [Accessed 20 June 2018]
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First the type and layout of the selected Distributed Electric Propulsion is presented, along with the main working
principles. This is then followed by the design and analysis of the Distributed Electric Propulsion, with the goal to
analyse, size and integrate its components.

5.5.1. Choosing Type of Distributed Electric Propulsion
While the bene�ts of DEP are easy to understand in terms of theory, the actual research into implementing this tech-
nology for a full sized passenger plane is still quite young. The main reason is that such a system is not easily integrated
into an airplane. Especially with current fuel based technology, the propulsion system would become prohibitively
expensive, complex and heavy. Still, given that there is an ever increasing need to reduce the carbon footprint of air
travel, a lot of research effort has been dedicated to this in the last decade. Additionaly, an increased propulsive ef�-
ciency increases the chances that an airplane �ying with an alternative, green energy source is actually possible. The
ever increasing performance of electric components has already allowed the �rst breakthroughs, such as the Lilium
[52].

As a kickoff to their research, in 2010 ICAS published an article discussing different DEP concepts [34]. Several other
articles have been published where the different concepts are assessed on their own. However, in 2012, ICAS pre-
sented a feasibility trade-off considering several DEP concepts [27]. The concepts considered in their trade-off are
shown illustratively in Figure 5.7a [27].

(a) Concepts considered in feasibility study of ICAS (b) Wake �lling explanation from ICAS study

Figure 5.7: Propulsion concepts and wake �lling principle

The 2012 article from ICAS �rst looks into the propulsive ef�ciency bene�ts each of the concepts could provide, and
then combines this trade-off with an extensive list of criteria that include factors such as noise, maintenance and
weight. From this trade-off it can be concluded that while installing the propellers on top of the wings adds a bene�t
to the propulsive ef�ciency, installing instead the propellers at the tail to form a propulsive fuselage is signi�cantly
more bene�cial. Even with adding propellers to only one side of the fuselage (like on the top), the bene�ts still out-
perform the bene�t of adding propellers to the wings.

The main reason for this added bene�t in ef�ciency is again explained in the paper. While adding the motors on top of
the wings improves the lift performance of the wings (by sucking air over the airfoil) and then indirectly also improves
the propulsive ef�ciency, the propulsive fuselage focuses directly on the propulsive ef�ciency by actively minimising
the drag produced by the fuselage (the largest drag component of the airplane). This is done by accelerating the �ow
inside the boundary layer, through so called boundary layer ingestion, and decrease thus the wake left behind by a
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body �ying through the air. See Figure 5.7b as an illustration on how to minimise the wake of an body through the air.
The �rst case would indeed increase the lift performance. However, it performs badly in the reducing the wake left
behind. The closer the propulsion unit is to the surface, the more the wake is reduced, with the best results achieved
when the propulsion unit is added right where without it the biggest amount of wake deformation would occur.

Another reason why boundary layer ingestion is so bene�cial to the propulsive ef�ciency is because the air �ow is re-
duced in velocity when close to the surface . When taking a look at the propulsive ef�ciency equation Equation 5.19,
one can observe why this is the case: For typical con�gurations, where the propulsion unit lies outside of the bound-
ary layer formed by the body �ying through the air, one can approximate the input velocity V1 asV1 ÆV1 . This implies
that in order to improve propulsive ef�ciency, the only thing one can do is increase the velocity difference V2 ¡ V1 .
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In the case however that one does install the propulsion unit in the boundary layer in order to make use of boundary
layer ingestion, V1 is no longer equal to V1 , but, thanks to the surface slowing down the �ow, smaller (So V1 Ç V1 )!
This �ow deceleration, when checking Equation 5.19, acts as a second variable that affects the propulsive ef�ciency
and is actually bene�cial the slower the input velocity V1.

Additionally, with the installation of a propulsive fuselage, the structure of the wings, already extremely aerodynamic,
can now be fully optimised for lifting purposes only, while the loads of the propulsion system is now taken by the
fuselage, which can offer a much larger moment of inertia in order to counteract the loads.

Given that the trade-off applied by ICAS conforms extremely well with the design goals of the Greenliner and its re-
quirements, it was decided to follow the conclusions of ICAS's paper and install a propulsive fuselage to the Greenliner
as well.

5.5.2. Analysis and Design of Propulsive Fuselage
The major design consideration now to investigate is how many propellers should be added in order to form the
propulsive fuselage. The original idea as explained in ICAS's paper considers only one big fan around the fuselage (see
PROPFUS in Figure 5.7a), but, as mentioned there as well, this causes the design to suffer from a single point of failure.

For safety reasons at least two propellers have to be installed, but the number of propellers used will directly impact
the propulsive ef�ciency. The other DEP concepts that performed similarly to the propulsive fuselage (see REVOLVE
and BWB in Figure 5.7a), did still have a very signi�cant propulsive ef�ciency, yet were able to offer more redundancy
and outperformed the propulsive fuselage with one big fan in some other criteria as well, such as maintenance.

Given that the propeller assembly, in order to create a propulsive fuselage, has a large impact on the propulsive ef�-
ciency, in the analysis to follow a series of con�gurations ranging from 1-50 propellers is considered in order to deter-
mine the optimum number of propellers. All of these con�gurations space the number of propellers evenly along the
entire fuselage circumference and are sized for boundary layer ingestion.

Boundary Layer
Given that the propulsive fuselage is sized based on the boundary layer produced by the Greenliner, the propulsive
fuselage analysis starts here with the goal to �nd the boundary layer thickness and average speed. The goal is to size
the propellers to the thickness of the boundary layer produced by the fuselage in order to maximise boundary layer
ingestion.

Unfortunately, boundary layer aerodynamics is quite complex. While laminar �ow is still very predictable, the turbu-
lent boundary layer is far harder to analyse, or as J. Anderson puts it in [7] when introducing the turbulent boundary
layer theory: "[...] no pure theory of turbulent �ow exists." Thus an approach has been taken that simpli�es the sce-
nario of the air�ow �owing over the fuselage.

As a start, the assumption is made that the �ow over the fuselage is similar to the �ow over a �at plate , given the large
length of the straight fuselage.
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Additionally, the air is assumed to be incompressible , even when the cruise Mach speed of 0.4 exceeds the 0.3 Mach
limit where one usually drops the assumption of incompressibility. However, when consulting Anderson [7] for the
error produced when still considering compressible �ow at 0.4 Mach, it ranges from 5% at the 0.3 Mach limit to 10%
at the 0.4 Mach cruise speed. Given the complex nature of the boundary layer and the time constraint, it was decided
that the error is acceptable. The assumption of incompressibility greatly simpli�es the required equations to describe
the boundary layer and allows for an initial sizing method for the propellers.

Applying these assumptions, according to Anderson [7] one can describe the thickness of the boundary layer as a
function of the Reynolds number and the distance the �ow has travelled over the �at plate. The equations for the
laminar and turbulent cases are given by Equation 5.20 and Equation 5.21 respectively.

laminar �ow: ± Æ
5.0x

p
Rex

(5.20)

turbulent �ow: ± Æ
0.37x
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Given the Reynolds number and the length of the fuselage one can thus determine the thickness of the boundary layer.
Figure 5.8a shows the boundary layer thicknesses produced by the fuselage length of the Greenliner during cruise con-
ditions. The turbulent �ow thickness is much more signi�cant than the laminar �ow.

(a) Boundary layer thickness of laminar and turbulent �ow (b) Boundary layer velocity pro�le

Figure 5.8: Boundary layer thickness and velocity overview

Additionally, given the large Reynolds number of the �ow at the end of the fuselage, the nature of the �ow is turbulent.
Thus, the propellers of the Greenliner are sized so that they match the thickness of the turbulent boundary layer .

The next step is to �nd the speed reduction of the air�ow inside the boundary layer, since, as mentioned in subsec-
tion 5.5.1, the speed reduction of the stream has a direct impact on the propulsive ef�ciency. Unfortunately it is already
here where the analysis of the turbulent layer becomes much more complicated. This is due to the chaotic nature of
the �ow inside this type of boundary layer, where one can experience phenomena such as eddies and reverse �ows.

Given the complexity of most methods, it was decided to apply the simplest one found 4: an empirical relation that
states that the velocity of the boundary layer �owing parallel to the surface is dependent on the distance from the
fuselage skin through Equation 5.22.

4http://www.cns.gatech.edu/PHYS-4421/lautrup/7.6/boundaries.pdf , last retrieved on 28th June 2018
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Figure 5.9: Circle packing for propeller fuselage con�gurations
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Thus the turbulent boundary layer velocity pro�le is created. Figure 5.8b shows this pro�le for cruise conditions, with
the free stream velocity at the top, and as one moves towards the fuselage, the velocity is reduced more and more.
From this pro�le the average boundary layer velocity can be calculated, shown as the red vertical line in Figure 5.8b.
This average velocity will be considered as the input velocity for the propellers, such that VBLavg ÆV1.

With these two values, the thickness of the turbulent boundary layer and its average velocity, the propulsion unit can
be sized for boundary layer ingestion.

Geometry Setup of Propulsive Fuselage and First Predictions
As mentioned in subsection 5.5.1, the use of one large propeller to form the propulsive fuselage is not possible, since
it suffers from the fact that it would remain a single point of failure. Thus other possible con�gurations to form the
propulsive fuselage must be assessed.

The con�gurations have been set up such that the propellers used are always sized to touch the limit of the bound-
ary layer thickness. Figure 5.9 shows a table of how the �rst series of con�gurations would look like with increasing
number of propellers 5. Note that the orange circle in the middle has been added to represent the fuselage. This area
remains as an ineffective region for propulsion.

In the case of one propeller, the radius of the propeller matches the radius of the fuselage plus the thickness of the
boundary layer, or Rpn ÆRp1 ÆRf Å ±BL. As one increases the number of propellers, the radius of the propeller re-
duces such that Rpn Ç Rp1. This causes a loss in the total effective area Aten (the area between the boundary layer
limit and the fuselage skin and covered by the propeller). Since the thrust equation of a thrust unit can be described
through Equation 5.23, and from subsection 5.5.1 it follows that a smaller velocity difference improves the propulsive
ef�ciency, the total effective area is already a good indicator for the propulsive ef�ciency, since the larger the total
effective area of the propellers, the larger the mass �ow and the smaller the required �ow acceleration.

5Wikipedia article on circle packing: https://en.wikipedia.org/wiki/Circle_packing_in_a_circle , last retrieved on 26th June 2018.
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T Æ �m(V2 ¡ V1) (5.23)

As the number of propellers increases from 2 onward, the total effective area increases again. From this one can al-
ready predict that the ef�ciency would improve as one increases the number of propellers.

Based on the given geometry for the con�gurations, Equation 5.24 can be derived, which describes the radius of 1
propeller per con�guration. For veri�cation purposes, the number of propellers per con�guration can be put in, and
indeed the same radius fractions are found as given in Figure 5.9.
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Equation 5.24 can be used now to create a plot like shown in Figure 5.10a.

(a) Geometry values for different con�gurations (b) Positioning of propellers on tail depending on number of
propellers used.

Figure 5.10: Geometry setup

The blue line in Figure 5.10a shows how the radius of the propellers decreases as the number of propellers per con�g-
urations increases. Especially for the �rst few con�gurations, the radius decreases drastically, and only later the radius
starts to slowly level out.

The effect is that the space left out in the middle, by assembling the propellers around the fuselage, keeps increas-
ing, as shown by the orange line in Figure 5.10a. This is a good effect, because after all, the area inside of the fuselage
cannot be used.

In addition, the left out area can be used to indicate where on the tail the propellers have to be installed. This is
shown in the top view of the tail section in Figure 5.10b. When installing only 1 or 2 propellers, if sized for the bound-
ary layer, they have to be installed as far back as possible.
However, as the number of installed propellers increases, one can actually move the longitudinal position of the con-
�guration forward, as shown illustratively in Figure 5.10b. This would offer the bene�t of moving the center of gravity
of the airplane forward and additionally offers the larger section of the tail, which can resist higher structural loads.

At this stage another important setup for the calculations must be mentioned: When assembling the con�gurations
as shown in Figure 5.10a, the fuselage radius is kept constant; or in other words, the longitudinal position of the con-
�gurations has been �xed to the front part of the tail section, where it meets the fuselage.
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The reason is that, according to the law of mass conservation (valid for compressible and incompressible �ow), the
air�ow coming from the fuselage would slow down again as it passes over the tail section. In other words, the narrow-
ing shape of the tail section has an effect on the performance of the propulsion unit . For the same reasons as to use
the boundary layer to improve propulsive ef�ciency, the deceleration of the �ow along the tail cone would improve
even more the ef�ciency.

However, in order to compare the performance of each propulsion unit under equal conditions, they have all been
�xed to the same location at the front part of the tail section . This allows the analysis to be completed without relying
on the �nal shape of the tail cone and the need to assess the aerodynamic effects caused by its narrowing shape. Only
for the detailed design for post DSE activities, to assess exactly the output performance of the propulsive fuselage, one
can add a correction factor that takes into account the �ow at the tail section.

Finally, only if one would size the fuselage radius for the space in the middle of the each con�guration (this won't
happen, as explained later on), one can calculate the area covered by the propellers in comparison to the area that is
covered if only one propeller was used. The area density can be calculated through Equation 5.25.
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The result is shown as the green line in Figure 5.10a, where one can observe that moving from 1 to 2 propellers immedi-
ately halves the area density fraction. As the number of propellers increases though, the area density is recovered until
it reaches an asymptotic (constant) value just below 80%. From this, given that the total area covered by all propellers
is an indicator for the propulsive ef�ciency, it follows that trend for the ef�ciency for the different con�gurations
will mimic the trend given by the green line shown in Figure 5.10a.

The only difference would be at larger numbers of propellers. The space inside the circles would keep increasing,
which in reality, as explained before through Figure 5.10b, means that the propeller con�gurations move forward to-
wards the front part of the tail section.

At one point however, the largest part of the tail is reached, where the radius of the tail is equal to the radius of the
fuselage. At that point, the space inside the circles stops increasing (the fuselage has a �xed radius), and the actual
area covered by the propellers decreases again. Thus, at a certain number of propellers the propulsive ef�ciency
trends downwards again , in stead of remaining as an asymptotic constant like the green line in Figure 5.10a.

With this one can con�dently move to the actual analysis of the propulsive ef�ciency of each con�guration with al-
ready some prediction of what the trend for propulsive ef�ciency looks like.

Propulsive ef�ciency of Propulsive Fuselage
With the con�gurations laid out as explained in the 2nd section of subsection 5.5.2, analysis for the propulsive ef�-
ciency of each of the con�gurations can begin.

For this, use is made of the actuator disk theory (ADT), used across several references and nicely summarised by 6.
The method replaces the propeller by a virtual disk that applies momentum to the air. See Figure 5.11a showing this
virtual disk. Note that u1 and u2 in the �gure are the same as V1 and V2 used in this report.

This method ignores the propeller shape itself and so allows for calculating the ideal performance of a single propeller.
The actual design of the propeller will come later, where more detail will be added, with the goal to achieve the ideal
performance that is found here.

The sizing is applied to each propeller used for each con�guration, and the effect is later superimposed to repre-
sent the total performance of the con�guration. This will allow completion of the initial sizing of the propulsion unit.

The ADT method states that the propulsive ef�ciency can be de�ned through Equation 5.19, as already shown in
subsection 5.5.1.
6retrieved from http://web.mit.edu/16.unified/www/FALL/thermodynamics/notes/node86.html accessed 2 July 2018
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(a) Actuator Disk used for initial propeller sizing (b) Dimensions and areas for cross section of propeller con�guration

Figure 5.11: Propulsion theory setup

In addition the thrust is de�ned through Equation 5.26. Note how the thrust consists of two parts: The mass �ow
of the average velocity ( V2 Å V1)/2, which is �xed by the intake area of the propeller, and then the acceleration of the
�ow, represented by the difference in velocity V2 ¡ V1. In short, for constant thrust, the smaller the propeller, the larger
the required air velocity acceleration. Recall from the discussion presented in subsection 5.5.1 that the higher the
acceleration, the worse the propulsive ef�ciency.
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Equation 5.26 can be rearranged as an expression for (input) shaft power Ps as shown in Equation 5.27.

Ps ÆT
³ V2 Å V1

2

´
Æ½A

³ V 2
2 ¡ V 2

1

2

´³ V2 Å V1

2

´
(5.27)

If now one solves for V2, the mass �ow of the propellers can be found, or, using Equation 5.19, the propulsive ef�ciency
of the propeller. In this case, one would solve V2 graphically by plotting the right and left sides of Equation 5.27 on a
power vs. velocity graph.

However the shaft power Ps still remains an unknown! The only known power variable is the power available Pa ,
taken from the mission pro�le, as described in section 4.2.

Thus an iteration method is applied in order to �nd a solution for both the shaft power Ps and the exhaust veloc-
ity V2. The iteration method applied here is shown as pseudo code in Figure 5.12, and explained below.

One starts with an estimate on ef�ciency, which with Equation 5.27 is corrected until it meets the condition that
Ps´ p ÆPa . The process ends with the correct values for both Ps and V2. With Ps now known, the power can be plotted
against velocity, as mentioned before, and shown in Figure 5.13a. Note that the graph changes depending on the cur-
rent state of the airplane and the atmosphere it is �ying through. The red line on Figure 5.13a shows the intersections
of each of the power curves for the individual propeller for each con�guration, from which the given exhaust velocity
can be read. (Read the red line from top to bottom).

As predicted in the 2nd section of subsection 5.5.2, the setup of 2 propellers causes a huge jump in the required ex-
haust velocity, which would also indicate the lowest propulsive ef�ciency. In fact the jump in exhaust velocity is so
high, that it passes the green line shown in Figure 5.13a, which indicates the speed of sound. Having passed this limit,
the 2 propellers would be extremely heavily loaded by the shock waves produced.

Only by increasing the number of propellers further, the exhaust velocity is quickly reduced, approaching the ideal
case of using only 1 propeller. At a certain point though, the red line turns around again, increasing the required ex-
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Figure 5.12: Iteration to �nd actual shaft power Ps and V2

haust velocity. This is the point that was predicted in the 2nd section of subsection 5.5.2, where the position of the
propellers has gone beyond the limit the fuselage radius can offer.

As mentioned before, the plot shown in Figure 5.13a shifts depending on the input parameters. Especially important
to note is that if only the power requirement would increase, the red line shown in Figure 5.13a would shift to the
right, to the point where all of the propeller con�gurations would have a supersonic exhaust velocity and be extremely
loaded. At that point one would have to e.g. increase the fuselage radius in order to increase the circular area bound
by the boundary layer limit.

In order to complete the ef�ciency calculations, the ineffective area of the propellers that is hid by the fuselage area
needs to be accounted for. For this, the geometric assembly from the 2nd section of subsection 5.5.2 is taken as ref-
erence in order to calculate which areas are effective for propulsion. Figure 5.11b shows a more detailed layout of the
relevant dimensions.

The dimensions of the fuselage are constant, while the boundary layer limit, to which the propellers are sized, is
dependent on the current state of the airplane. The radius of the propeller, as discussed in the 2nd section of subsec-
tion 5.5.2, is dependent on the number of propellers that are to be �tted around the fuselage, but always touches the
boundary layer limit. That is why only for a low enough number of propellers, there is actually a space of the propellers
that crosses into the area covered by the fuselage radius; the ineffective area. For a number large enough though, the
propellers will become so small that they do not cross anymore the fuselage area. In between these two cases, as pre-
dicted in the 2nd section of subsection 5.5.2, one will achieve a maximum of the effective area of one propeller. This
will at the same time result in the maximum total effective area, since the total effective area is given as Aten ÆAenn.

Thus for low enough number of propellers, one needs to subtract the cross area Acn . Reference [28] offers Equa-
tion 5.28 in order to calculate this area, for which use is made of the distance between the center of the propeller and
the center of the fuselage, dp f .

Acn ÆR2
f arccos

d 2
p f Å R2

f ¡ R2
pn

2dp f Rf
Å R2

pn arccos
d 2

p f Å R2
pn ¡ R2

f

2dp f Rpn

¡
1

2

q
(¡ dp f Å Rf Å Rpn )(dp f Å Rf ¡ Rpn )(dp f ¡ Rf Å Rpn )(dp f Å Rf Å Rpn )

(5.28)

dp f itself can be expressed as Rp1 ¡ Rpn . With this, the effective area of each propeller Aen and the total effective area
for each con�guration Aten can �nally be calculated. Therefore one can �nally calculate the propulsive ef�ciency of
each con�guration.

The result is shown in Figure 5.13b. Note that again the plot depends on the airplane's state and the atmosphere it is
�ying through.



5.5. Propulsion 38

(a) Power curves to calculate exhaust velocity (b) Ef�ciency vs. number of propellers

Figure 5.13: Power and ef�ciency plots

From this, it can be seen that the single propeller con�guration still remains as the top performer. As predicted in the
2nd section of subsection 5.5.2, when moving to 2 propellers, a huge amount of ef�ciency has been lost. Already when
installing a 3rd propeller, the trend reverses. One can keep adding propellers until one has almost recovered all of the
ef�ciency!

In this case the optimum number lies at around 30 propellers, although choosing § 5 has only a minimal effect, as the
trend �attens a lot around that area. Increasing even further the number of propellers however, as predicted by the
2nd section of subsection 5.5.2, causes the ef�ciencies to go down again.

With this, the performance of each of the con�gurations initially presented at the 2nd section of subsection 5.5.2 has
been assessed. Additionally, information has been gained on the shaft power required for each con�guration as well
as the geometry properties of the propellers for each con�guration. In other words, the sizing method of the actuator
disk is complete and it is time to convert it into a propeller. The actual sizing of this propeller is explained in the
upcoming section.

Propeller Sizing for Propulsive Fuselage
At this stage the basic sizing of the con�gurations is complete. In order to continue the sizing of the propellers a con-
straint is added to the tip velocity. The main reason behind this is that the tip of a propeller blade travels the fastest,
and if the rpm's are too high, such that the tip velocity exceeds Mach 1, shock waves will be produced. This causes large
amount of vibrations as well as a lot of noise. Therefore manufacturers will always design the propellers in such a way
that the tip does not travel that fast. Reference designed the propellers for low noise by using a tip velocity constraint
of 0.5 Mach. Given that a major design constraint set by ICAO is noise, one can directly optimise the propellers for low
noise and use 0.5 Mach as well as a tip velocity constraint 7 .

Given the tip velocity constraint Vt i p , and the known radius of the propellers from the 3rd section of subsection 5.5.2,
the rpm of the propellers can be calculated. Torenbeek [92] shows how the velocity components on a blade section (in
this case the tip) can be broken down, as similarly shown in Figure 5.14. The velocity vectors can therefore be related
through Equation 5.29.

Vt i p Æ
q

V 2
­ ,t i p Å V 2

1 (5.29)

Then, solving for V­ ,t i p , one can �nd the rotational velocity of the propellers through:

­ Æ
V­ ,t i p

Rpn
Æ

rpm 2 ¼

60
(5.30)

7Barnard Microsystems on propellers: Retrievedfromhttp://www.barnardmicrosystems.com/UAV/engines/propellers.html , on 29th
June 2018
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Figure 5.14: Velocity vectors on tip of propeller

Given the rotational velocity of the propellers, and the shaft power, the applied torque on the propeller can be found
through Ps ÆQs­ .

Additionally, knowing all the velocity components, one can also continuously compute the required pitch angle for
the blades using trigonometry; such that µ Æarctan( V1

V­ ,t i p ).

As Torenbeek [92] mentions, the ability to continuously adapt the blades allows one to maintain top propulsive ef�-
ciency during the whole mission of the Greenliner. When re�ecting back on the process done so far this makes sense,
because the ef�ciency calculations directly relate to the pitch angle.

At this stage, the initial sizing of the propellers could be completed, as the manufacturers usually only need the re-
quired diameter and the rpm's in order to offer an adequate propeller. However, other parameters will aid in a more
detailed design, since they will give an indication of the propeller loading. Once again, Torenbeek [92] presents the
coef�cients that would add this detail. These are:

• The advance ratio, expressed as J Æ V1
f ­ Dpn

• The power coef�cient, expressed as CP Æ Ps

½f 3
­ D5

pn

• The thrust coef�cient, expressed as CT Æ T
½f 2

­ D4
pn

The combination of all of these parameters not only allows for selection of a propeller given by a manufacturer, but
even design of a propeller that is optimised for the propulsion system used by the Greenliner.

Nevertheless, the actual design of the propeller is beyond the scope of conceptual design and will have to be left out
for future development. The values calculated here will be used as reference for the more detailed design.

Components and Mass Analysis for Propulsive Fuselage
In order to complete the selection of the optimal con�guration of propellers, the mass components that make up the
propulsion unit need to be accounted for. In the following section the preliminary mass analysis of the propulsion
subsystem is presented. The components that are included in this mass analysis are:

• Propellers

• Electric Motors

• Shaft connection with gear ratio

• Rest

The rest mass will be added with a constant safety factor to the total of the assembly of the �rst components to ac-
count for additional mass components such as motor installation or the mass of actuators. The safety factor here was
chosen to be equal to 2, given that the biggest mass components are already taken into account here, and doubling
the total mass should encompass plenty to �t the additional components. Doing this one arrives for the Greenliner at
a similar mass fraction of the propulsion unit to the operative empty weight as for the reference aircraft, which lies at
around 10%.
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Figure 5.15: MAGNAX motor series speci�cations

With regard to the mass of the propellers, Equation 5.31 offered by Roskam [78] (pg.89) is used. Note that the units for
Equation 5.31 here are not written in SI units and [78] should be consulted for the meaning of the symbols.

Wprop ÆKprop Np N 0.391
bl

³
D p

Pto / Ne

1000

´0.782
(5.31)

The mass of the motors depends on what electric motor is chosen. As can be seen when consulting the selection of in-
dustrial electrical motors offered by WEG 8, typical motors that can provide the shaft power required by the Greenliner
are as heavy as the MTOM of the airplane itself! Fortunately, there has been much development in electric motors for
aerospace applications that are lightweight and powerful. Just last year, 2017, Siemens has managed to propel a small
airplane with an electric motor that had an incredible power density of 5.2 kW / kg 9. In comparison, the motors from
WEG only have a power density of around 0.2 kW / kg.

Obviously, maximising the power density of the motors is of top priority for the Greenliner if it is to be successful as an
airplane. While the motors from Siemens would perform well with the power and weight requirements of the Green-
liner, the motors from MAGNAX 10 would still outperform those ones with a nominal power density of 6.3 kW / kg. The
outstanding performance of the MAGNAX motors is thanks to a new motor assembly that makes use of axial �ux in-
stead of the typical radial �ux used in motors. In addition, they have implemented an integrated cooling system with
which they can maintain top ef�ciency. Figure 5.15 shows some speci�cations of the motor series, which was kindly
sent by MAGNAX, who have been very supportive in providing all important information.
The motor that was chosen then for the Greenliner is the MAGNAX AXF 185, given that it has the highest power density
of their motor series. A great advantage of their motors as well is that they can be stacked, which, with regard to re-
quirement GF-SYS-INT.3-5 [20], further improves the possibility of keeping the motor assembly �exible. The motors
themselves, as can be seen from Figure 5.15, will already be available next year 2019.

Given the motor selected and having calculated the required shaft power Ps from the 3rd section of subsection 5.5.2,
one can now also calculate the number of motors that are required by simply dividing the shaft power by the nominal
power output of the motors and rounding that number up to the next integer. The total mass of the motors is then the
number of motors used times the mass of each unit, as shown in Equation 5.32. Note the fact that the nominal power

8WEG - Electric Motor Selection: http://ecatalog.weg.net/TEC_CAT/tech_motor_sel_web.asp?cd_produto=33&CD_CATEGORIA_
PRODUTO=5&cd_mercado=000I&cd_idioma_cat=EN&cd_empresa=110; last retrieved on 2nd July 2018

9Article on Siemens electric �ight: https://www.siemens.com/press/en/feature/2015/corporate/2015-03-electromotor.php?
content[]=Corp , last retrieved on 2nd July 2018

10MAGNAX website: https://www.magnax.com/ , last retrieved on 2nd July 2018
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is taken and not the peak power, as the latter can only be sustained for a short time before serious damage is done on
the electric motor. Sizing to nominal power also ensures a higher redundancy in case one electric motor fails.

M total,motor Æ d
Ps

Pmotor,nom
eMmotor (5.32)

The next mass component is the shaft, which has to transfer the power from the motor to the propeller. In addition,
the shaft may have to go through a gear ratio, which adapts the torque and rpm output of the electric motor to the
torque and rpm values the propeller needs. The ef�ciency of power transmission is assumed to be 100% , given that
properly designed mechanical links are able to approach this value very closely 11.

In order to design the gears the rpm values have been chosen to de�ne the gear ratio. The rpm values of the propellers
have to be maintained adequately, as otherwise the tip velocity of the propellers may exceed the 0.5 M constraint that
was set in the 4th section of subsection 5.5.2. Additionally, according to typical dc motor characteristics, the electric
motor runs most ef�ciently around 80% of its maximum rpm 12. The torque requirement on the other hand is much
more �exible. First of all, the motors already supply a large amount of torque at 50 Nm . However, in case the torque
required by the propellers is higher, then the motors can be even be stacked together to increase the torque output.

Coming back to the shaft; a method has been developed to estimate its mass. Figure 5.16a shows how the mass
components have been arranged. The shaft connecting the motor and propeller have been split into two equal length
units of length Ls. Where these two propellers meet, at the dotted line in Figure 5.16a, the shafts are put side by side,
without actually specifying how this connection is made. In addition, the shaft lengths that run horizontally are not
taken into account. This rough assembly allows to keep the sizing very �exible without the need to actually specify the
parts that make up the connection between the motor and propeller.

(a) Setup for shaft mass calculations (b) Propulsion mass budget for propulsion unit

Figure 5.16: Mass calculations

The total length of the shaft has been taken as the sum of the radius of the motor Rmotor and the propeller Rpn , such
that the fuselage skin can run between the propeller that is installed on the outside and the motor that is installed on
the inside. The main reason to put the motor on the inside is that the radius of the motor is relatively large; for high
number of propellers even larger than the radius of the propellers themselves. However, how the motors are put in
place is left for detailed designing. The goal here simply remains to set up a conservative estimate for the shaft mass.
To add even more �exibility to the design a safety factor of 1.5 has been added to the length of the shaft such that the
total shaft length now is described by Equation 5.33.

2Ls Æ1.5(Rmotor Å Rpn ) (5.33)

11Quora on ef�ciency of mechanical links: https://www.quora.com/Which-are-more-efficient-in-transforming-motion-gears-chains-or-belts ,
last retrieved on 2nd July 2018

12Simple Electric Motors on DC motor calculations: https://simplemotor.com/calculations/ , last retrieved on 2nd July 2018
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The radius of the shaft is determined by the amount of torque it has to be able to resist and the maximum shear stress
the material of the shaft can provide. Assuming a circular solid shaft, the relation between the torque and the radius
of the shaft is given by Equation 5.34.

¿max Æ
Qs

¼
2 R3 (5.34)

The torque that the motor has to provide can be calculated from the torque value of the propellers found in the 4th
section of subsection 5.5.2 and the gear ratio installed at the shaft connection to account for adequate rpm values, as
described by Equation 5.35.

Qsmn ÆQspn
rpm pn

rpm mn
(5.35)

Combining then Equation 5.34 and Equation 5.35 leads to the required shaft radius. The mass of the shaft can then be
calculated by multiplying the volume of the shaft with the density of the material, as described by Equation 5.36.
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All the mass components can �nally be put together to create the mass budget for each con�guration. This is shown
in Figure 5.16b. One can observe that the propeller mass does keep increasing as the number of propellers increases,
although it levels out at higher numbers. The mass of the motors is highly dependent on the propulsive ef�ciency,
where the smallest amount of motors is used for the most ef�cient cases. Despite this, they still make up a signi�cant
portion of the mass budget. In contrast, the mass of the shaft remains very small throughout all the con�gurations.
The step changes in the total mass are mainly caused by the motors, where dropping one motor directly means a loss
of 8 kg.

Final Selection
At this stage both the performance and the mass calculations have been completed for the preliminary sizing of the
propulsion unit. The goal for optimisation is to maximise the ef�ciency over the propulsion mass.

When looking at Figure 5.17 it is clear that the 1 prop con�guration still remains the most ideal case. As discussed in the
2nd section of subsection 5.5.2 this is not really an option, and thus the second best option, according to Figure 5.17,
would be to use 20 propellers.

Figure 5.17: Ef�ciency over mass plot for all con�gurations

A last assumption has been setup here, which is that the number of propellers must match the number of motors
so that every propeller can be controlled independently. In this case most often the second best option shown in Fig-
ure 5.17 can also not be chosen. One instead needs to sort all the con�gurations based on their ef�ciency to mass
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Figure 5.18: Conceptual view of the propulsive fuselage

performance and then select the con�guration that has an equal amount of motors and propellers.

By applying the last assumption, the optimum design has a large dependency on the power required, since this has
a direct impact on the number of motors required, as already discussed in the 5th section of subsection 5.5.2. The
number of propellers, at �rst optimised for top ef�ciency, will be offset to higher or lower numbers depending on the
amount of motors used. If this offset is too large the loss in performance is quite signi�cant. Thus, in future design
phases, the possibility of using one motor to propel several propellers should be assessed. More recommendations
with regard to the propulsion part are presented in chapter 14.

This then �nally concludes the sizing of the propulsion unit. To summarise: It has been found out that for a propulsive
fuselage a high number of propellers can recover most of the propulsive ef�ciency that one large propeller could
provide. In addition, the propellers for a propulsive fuselage were sized and a mass analysis has been completed.
From this a best performing con�guration can be selected, where one considers both ef�ciency and mass.

5.5.3. Sustainability
Figure 5.18 shows a conceptual view of propulsive fuselage based on the sizing method presented in the previous
sections. The use of the multiple rotors instead of one large one means that the assembly and disassembly of the
propulsion unit is easier, given that the components do not weigh as much. However the maintenance part is more
intensive, since more components have to be checked before the airplane can be allowed to �y. Therefore �nancially
the maintenance process is comparable to existing aircrafts.
Given that the propulsion system is made of so many independent units, it does add redundancy to the system. This
not only means that a fault during maintenance is not as severe in consequence, but also during operation, when for
example there is a sudden engine failure caused by a bird strike, the power loss is minimal compared to typical con-
�gurations. This will especially promote the �nancial and social aspect of sustainability.

Of course, there is the potential that during the bird strike mentioned above as an example, a propeller blade brakes
off and �ies into the tail section. Fortunately though, the tail section does not hold any passengers, so there is no
danger of killing a passenger during this failure event. In addition, if the skin of the tail section cannot stop the blade
from penetrating, all the electric motors are installed underneath. These units are essentially solid pieces of metal and
are fully capable of stopping the blade, even if it means the failure of the motor itself as well.

The components themselves can be designed with a very high lifetime. The propeller blades, given that they are rela-
tively small, can be designed to withstand well the moment of the high disk loading, while the electric motors already
only have one large moving part. This reduces the frequency required to complete maintenance on the propulsion
unit. Still, given that the system again is built of so many components, yet are connected quite simple, one can easily
upgrade the parts in order to even further increase the lifetime of the propulsive fuselage. This will give the Greenliner
a competitive edge with regard to �nancial and environmental sustainability.

Finally, most of the components used in the propulsion system can be designed with easily recyclable materials. The
only exception is with regard to the electronics needed to control the electric motors, or any component that instead
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