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Preface

This report continues upon the preliminary design that was layed out in the Midterm Report [1] and the
project strategy and design ambition as presented in the Project Plan [2] and the Baseline Report [3]. More-
over, it is the result of eleven weeks of work by the design team. The design team consists of nine Bachelor
students in Aerospace Engineering at Delft University of Technology. However, this production wouldn’t have
been possible without the outstanding help of the Aerospace Engineering faculty personnel. In particular,
the team would like to thank the OSSAs, PMSE TAs and the members of the OSCC, who have been part of the
organization of this years spring Design Synthesis Exercise. Special thanks go out to our tutor ir. J. A. Melkert
and our project coaches ir. V. V. Dighe and ir. Y. B. Eisma. The tutor and coaches have helped the design team
in every stage of the project, where their professional insight have proven essential to its success.

DSE Group 14
39 of July 2018, Delft
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Executive Overview

Project Objectives

To curb the environmental impact of the aviation sector, the International Civil Aviation Organization (ICAQO)

and other international bodies have set CO , emission targets. These targets are outlined in ICAO Annex 16,
Volumes | and I, and include for example, a 2% annual increase in fuel burn ef ciency [4]. This demonstrates
the need for improved ef ciencies in the aviation sector.

A current source of avoidable emissions is the sub-optimal operation of aircraft such as the Airbus A321neo,
on short ranges. To comply with ICAO emission targets, an aircraft of comparable capacity, optimized for
inter-European operations will be designed. This will be done with an emphasis on the reduction of three key
metrics: Emissions, Noise and Direct Operating Cost.

Market Analysis

To follow on from the route analysis, the design range is determined from a set of European ight data L This
data set is taken from 12 days between May 2016 and February 2017. For each ight, the distance between
each departure and arrival airport is computed. These results are arranged according to frequency, and ana-
lyzed. It was concluded that a range of about 1,800 km is required to cover 90% of these ights.

Furthermore, the design shall be performed at a passenger load factor of 94% for the next generation aircraft.
This was assumed according to the trends in global load factor: increasing, at a decreasing rate, from 65% in
1990, to 80% in 2016 [5].

To determine airport accessibility for the aircraft, the required take-off length is established. To do this, a list

of all paved runways in Europe was obtained from the CIA World Fact Book 2. Using a take-off distance of
2,000 m, approximately 77% of the airports in Europe are accessible. Comparing this to the Airbus A321-200
and Boeing 737-800 which have a take-off length of 2,280 m and 2,316 m respectively 3, this allows operation
on at least 10% more airports than its competitors.

To develop a commercially attractive aircraft, the direct operating cost shall be 10% lower compared to the
competitors who's DOCs are summarized in Table 2.

Table 2: Summarized Average Direct Operational Cost of reference aircraft

. B737-800 | B737-700
Aircraft Type A319 | A320 | A320neo | A321 | B737-900 MAX 8 MAX 7 B757-200 | AVERAGE

Average DOC

(USD/h) 3,670 | 3,788 2,955 | 4,395 3,438 3,927 4,020 3,475 3,946

1These data les have been obtained in a previous project during the bachelor, provided by the tutor.
2https://www.cia.gov/library/publications/the-world-factbook/fields/2030.html [cited 30 April 2018]
3http://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm [cited 30 April 2018]

viii



Executive Overview ix

Requirements

The relevant users for this project were categorized into the following groups: airlines, authorities, airports,
the passengers and the general public. From this list, the stakeholder requirements were derived as shown in
Table 3.1. From here the system and subsystem requirements were derived and designed for.

Table 3.1 Summarized list of stakeholder requirements

ID Stakeholder Requirement

HF-STK-AL-01 The aircraft shall have a range of 1,800 km with a load factor of 94% 4,

HF-STK-AL-02 The aircraft shall be able to carry 240 passengers in single class con guration.

HF-STK-AL-03 The aircraft shall have a maximum cruise speed comparable to current state-of-the-
art inter-European airliners.

HF-STK-AL-06 The aircraft shall be able to take off within 2,000 m at ISA conditions at sea level.

HF-STK-AL-08 The aircraft shall be able to cargo at least 10 LD3-45W containers.

HF-STK-AL-09 The direct operating cost of the aircraft shall be at least 10% lower compared to cur-
rent inter-European state-of-the-art aircraft using an average fuel price of 1.69 USD
per gallon °.

HF-STK-AL-10 The aircraft shall be at least 1 noise class lower compared to current inter-European
state-of-the-art aircraft.

HF-STK-AL-11 The aircraft shall be operational within 15 years.

HF-STK-AL-12 The aircraft shall have an emissions reduction of at least 10% compared to current
inter-European state-of-the-art aircraft.

HF-STK-AU-01 The aircraft shall comply with CS25 [6].

HF-STK-AU-02 The aircraft shall comply with CS36 [7].

Preliminary Design

Six design were generated and traded-off. The most optimal design was chosen based ve trade-off crite-
ria: development cost, emissions, noise, aerodynamic performance and weight. It was found that a circular
fuselage was the most optimal fuselage shape for great performance on weight and development cost. More-
over, the ultra-high bypass ratio geared turbofan engine was selected based on its favorable performance on
emissions, noise and development cost.

A wing layout with a very high aspect ratio was chosen to be most optimal based on the trade-off criteria. In
order to accommodate this slender wing, a strut will be implemented.

Mission Analysis
The aircraft has a design range of 1,800 km. Moreover, the aircraft has a maximum useful range of 3,400 km,
a harmonic range of 1,177 km and a ferry range of 6,254 km.

Furthermore, the aircraft has a service ceiling of 12.9 km or 41,900 ft. The service ceiling is de ned in CS-25
[6] as the altitude at which the aircraft's maximum rate of climb drops below 500 ft/min.

The TU-ecoliner's ground and logistics operations are comparable to current short-range aircraft like the
Boeing 737 and Airbus A320. The ground operation does differ on two critical points though. First, the aircraft
will use an electric green taxiing systems (EGTS), which allows the aircraft to taxi using electric motors on the
landing gear. In order to provide power to this system without having the engines running, an electric battery
cart will be attached to the aircraft when it taxiing. Secondly, the aircraft's APU will be removed, which allows
a total of around 600 kg of weight saved. However, it does mean that the aircraft relies heavily on ground
based support systems for airconditioning and ground power.

Within the aircraft, all data, information and control inputs will ow through a central ight computer. The
computer runs several applications in order to process all data in an adequate manner. The central ight
computer is actually a group of three computers. One handles all data for the captain, one handles all data
for the rst of cer and the third computer serves as a redundant back-up solution.

4This has been determined in Section 2.3

Shttps:/iwww.statista.com/statistics/197689/us-airline-fuel-cost-since-2004/ [cited 9 May 2018]
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Final Design Characteristics

Class Il Weight Estimation
Using the data gathered from the class | weight estimation and additional geometrical parameters, a class
Il weight estimation was performed. Two methods were used, namely the Roskam and Torenbeek methods.
These two methods were separately calculated and averaged to get to the nal weight estimation. The results
from this can be seen in Table 4.

Table 4: Class Il weight estimation in kg

Landing Equipment
Wing | Fuselage Gear Empennage | Propulsion Nacelle & OEW/MTOW
furnishing
7,657 10,203 2,041 1,275 6,385 667 9,916 38,143/68,048

Aerodynamic Characteristics

From the thrust loading and wing loading diagrams, the required wing surface area of 110 m 2 was obtained.
With an aspect ratio of 14 and taper ratio of 0.29, the wing planform was established.

After determining the design lift coef cient of the aircraft, a suitable airfoil was selected. Multiple airfoils
have been analyzed and compared using aerodynamic software. Based on criteria such as low drag at design
lift coef cient and a large maximum lift coef cient, the NASA SC20-612 airfoil was chosen.

The aerodynamic behaviour of the nite wing was analyzed to determine the leading edge sweep angle of
32.9°. The lift slope in cruise conditions was determined to be 5.89rad ' * using the datcom method. In cruise,
it reaches a maximum lift coef cient of 0.94 at an angle of attack of 9.4°. The same parameters have been
determined at low speed in sea-level conditions.

The drag has been analyzed taking into account the Hybrid Laminar ow control system which enables lam-
inar ow along 65% of the chord. The contribution of different components to the zero-lift drag has been de-
termined using the drag build-up method. In clean con guration, the zero-lift drag coef cient equals 0.0131.
The liftinduced drag was analyzed in order to obtain the drag polar. Here, the Oswald ef ciency factor equals
0.727 and the effective aspect ratio equals 14.75 due to the addition of raked wingtips.

High lift devices have been designed in order to meet the required C ., of 2.2 in take-off and 2.9 in land-
ing. Double slotted fowler aps and slats where selected. Their size and position was determined. The slats
occupy the space between 15% and 69% of the half-span. The aps are placed between 5% and 66% of the
half-span. Their effect on the lift curve and drag increment have been analyzed. Ailerons have been sized
and positioned in order to meet the roll rate requirement. They are positioned between 79% and 95% of the
half-span and have a maximum de ection of 20°.

Landing Gear Design

Based on the weight of the aircraft, it was determined that two nose wheels and four main gear wheels were
required. In order to position the landing gear, several requirements and conditions had to be met. To satisfy
longitudinal and lateral stability on the ground, and ful lling scrapeback (9.5°), tipback (15°) and tipover (63°)
angles, the mainlanding gear are placed 21.4 m from the nose, with a track width of 6.5 m. The nose landing
gear is positioned 4.5 m from the nose, and satis es the requirement that the nose gear must sustain between
8% and 14% of the total aircraft mass. The gear struts are long enough to ensure that the bottom of fuselage
is 1.5 m off the ground. This height ensures that the gear struts are short enough to t into the belly fairing,
but also that the scrapeback angle requirement is met.

Structural Characteristics

In order to design the structure of the fuselage, rst, shear and moment diagrams were made to nd the
critical loads. The critical load case was determined to be taking off at maximum take-off weight under fatigue
load conditions with a pressurized fuselage. As a rst approximation, a cylinder with a constant thickness
was designed. In a second stage, stringers were added to make the design lighter while keeping the inertia
constant. Here, also buckling comes into play. For the CFRP case, which was chosen for the fuselage, this
turned out to be more critical then the bending load. Therefore, the fuselage was designed for buckling. This
lead to a skin thickness of 1 mm with 87 hat stringers along the skin.
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In order to design the wing, the maximum loads experienced by the wing are determined. These occur during
take-off at MTOW. The spars, skin and the wing strut of the wing have been optimized for mass under bending,
shear and buckling of the spars and skin. Applying CFRP material for the wingbox saved over 21% relative to
aluminium material. Additionally, by applying a wing strut, the wing weight decreased by 19% with a drag
penalty of only a 5,8% drag penalty during cruise. Due to the nature of the loading on the strut, it will be
made from aluminum.

Material Characteristics
In order to choose the right materials for the right parts of the aircraft, rst the characteristics of the most
used materials have been researched.

After that, the materials for the different designed parts, such as the fuselage skin or stringers and the wing-
box, have been chosen. For the fuselage, it was decided to make the entire fuselage out of quasi isotropic
CFRP. The same goes for the wingbox. The wing strut however, is going to be made out of 7075-T6 aluminum.
The wingbox of the horizontal tail will be made out of 7075-T6 aluminum as well, because here there was not
much weight gain and the cost of CFRP was ten times higher.

Finally, with respect to current state-of-the-art composite aircraft, it was decided to make speci ¢ parts of the
aircraft out of speci ¢ materials. For example, heavy duty parts such as the engine pylon and the landing gear
will be made out of titanium and all leading edges will be made out of aluminum.

Propulsion System Characteristics

The engines used on the TU-ecoliner will be ultra-high bypass ratio geared turbofan engines with a bypass
ratio of 14. In order to size this engine, the method of rubber engine sizing is used, with the Pratt & Whitney
PW1000G engine series used as reference. Linearly interpolating between two of these PW1000G series engine
and scaling it according to thrust resulted in a fan diameter of 1.87 m, a maximum nacelle diameter of 2.36

m and a total length of 4.76 m. The bypass ratio is however not included in the scaling, since no information
was available on the engine core of the new Pratt & Whitney engines. The proper dimensions with the bypass
ratio included can be obtained once the full cycle calculations are done.

Stability and Control Characteristics

To design for a stable and controllable aircraft, you rst need to know the location of the aircraft center of
gravity at operational empty weight. In Table 6.22, an overview showing all main aircraft components and
their respective center of gravity location is presented.

Table 6.22: Longitudinal c.g. positions of components.

Mass [kg] | Xeg[m] | M [kg dm]
Wing 7,657 20.39 156,125
Horizontal stabilizer 319 41.82 13,337
Vertical stabilizer 957 41.93 40,114
Fuselage 10,203 19.20 195,890
Nacelles 667 17.44 11,626
Nose landing gear 204 4.50 919
Main landing gear 1,837 21.40 39,314
Engines 6,385 17.77 113,428
Fixed equipment 9,916 18.75 185,918
Operational Empty Weight 38,143 20.10 766,680

Using these values for the center of gravity at the operational empty weight of the aircraft as a base, the loading
diagram of the aircraft was constructed. This showed a most forward center of gravity location of 0.25 MAC
and a most aft center of gravity location of 0.67 MAC, which leads to a center of gravity range of 1.29 m.
A scissor plot has been constructed showing the regions of center of gravity in which the aircraft is stable
and controllable. Showing the center of gravity ranges for varying wing positions in a plot shows how much
the center of gravity shifts with a changing wing position. Overlapping this plot with the scissor plot shows
for which wing position the center of gravity range is within the limits of controllablility and stability of the
aircraft, making it possible to ascertain a horizontal tail surface.
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The nal longitudinal wing position and horizontal tail area over wing area ratio is shown in Figure 6.23. The
analysis led to a wing leading edge MAC positioned at 42.5% of the fuselage, or 18.75 m measured from the
nose. Furthermore, the required horizontal stabilizer surface area was found to be 23.1 m

Empennage Design

Figure 6.23: Match of scissor plot and c.g. range plot.

2

The TU-ecoliner will feature a conventional tail design with a horizontal and a vertical tail surface. The hor-

zontal tail will have a surface area of 23.1 m

2

9.61 m. The mean aerodynamic chord is determined to be 2.61 m.

, a taper of 0.33 and an aspect ratio of 4. This brings the span to

The vertical tail will have a surface area of 21.6 m 2, a taper of 0.34 and an aspect ratio of 1.8. The total span of

the vertical tail is 6.23 m and the mean aerodynamic chord equals 3.74 m.

Summary of Design Characteristics
Table 5 gives a summary of all relevant parameters and characteristics of the design.

Table 5: Summary of design characteristics

Symbol | Value | Unit | Symbol Value | Unit | Symbol Value | Unit
Fuselage planform Structures: fuselage Landing gear

dext 4.00 m material QI CFRP - XLG, 45 m
dint 3.68 m tskin 1.0 | mm | Xg, 21.4 m
hcabin 2.19 m Nstring 83 - track width 6.49 m
W abin 3.61 m Structures: wing height 1.50 m
| cabin 34.40 m material QICFRP - tipback angle 15.0 | deg
Weargo 2.50 m tspar 10 | mm | scrapeback angle 9.5 | deg
hcargo 1.20 m tskin 27 | mm | lateral tipover 63.0 | deg
lfus 44.13 m Structures: strut Weights

Wing planform material | 7075-T6 aluminum - fuel max 12,161 | kg
S 110 [ m? | lsyut 727 | m | payloadmay 21,600 | kg
A 14 - t/c 21 % crew 694 | kg
lambda 0.29 - c 451 | mm | OEW 38,143 | kg
b 39.24 m Structures: hor. tail MTOW 68,048 kg
Cr 4.34 m material | 7075-T6 aluminum - MLW 62,366 kg
Ct 1.26 m tskin 1.0 | mm
MAC 3.08 m tspar 6.0 | mm
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System Analysis

Multiple subsystems for the aircraft have been designed and analyzed. A detailed design and redundancy
philosophy has been presented for the cabin environmental control system, the fuel system, the hydraulic
system and the electrical system.

The cabin environmental control system provides a safe and comfortable place to accommodate the passen-
gers and crew. The cabin will be pressurized to a cabin altitude of 8,000 ft, in order to provide a suf cient level

of passenger comfort while saving weight. Moreover, the airconditioning will be designed to provide a com-
fortable cabin temperature when outside temperatures drop to about  j 56° C. Since the APU will be removed,
the aircraft relies on external airconditioning equipment while stationed at the gate.

The fuel system has the main job of providing fuel to the two engines. The aircraft features a total of nine fuel
tanks, four in each of the wings and a trim tank in the horizontal tail plane. All the tanks combined can store

a total of 15,013 L of Jet A-1 fuel, 7,250 L in each wing and 513 L in the trim tank. Moreover, the fuel system
features three fully redundant systems for supplying fuel to the engines.

The hydraulic system provides primary and secondary power to the primary ight controls. It also provides
power for deploying and retracting the landing gear, aps, slats and spoilers. The total system comprises
three separate systems, the right, center and left system. These systems provide two levels of redundancy to
the hydraulically powered subsystems. The hydraulic power will be provided by electrically driven hydraulic
generators.

Since the aircraft is designed to be a more-electric aircraft, meaning that most systems will be powered using
electric power, an extensive electrical system is crucial. The electric power will be generated by four engine
mounted generators. In case of emergency, electricity can be sourced from one of the two batteries or using
the ram air turbine. Power will be distributed using two central power distribution busses, a forward one and

a center one. Moreover, the system will be fully redundant and will supply power to electric actuators on
the primary ight controls in order to provide two additional layers of redundancy. The removal of the APU
means that the aircraft will be more dependent on auxiliary ground power supply. Therefore, two external
power connectors are incorporated into the system. Moreover, the aircraft will be connected to a battery in
order to provide power for the EGTS.

Final Design Analysis
The nal design analysis has been split-up into seven parts. These parts are performance, noise, emissions,
RAMS characteristics, cost, risk and budget breakdown analysis. All parts will be covered hereafter.

Performance Analysis

The take-off and landing performance of the TU-ecoliner are assessed using a method as described in Jenk-
inson [8]. This analysis resulted in a take-off distance of 1,673 m and a landing distance of 1,554 m. The
TU-ecoliner needs 35% less runway length for take-off compared to the Airbus A321neo. The speeds associ-
ated with the take-off and landing performance are tabulated in Tables 8.1 and 8.5, respectively.

8.1: Speeds as de ned in the take-off performance

Speed Determined from Value [kts]

Vs, (stall speed) - 131
V| oF (Lift off speed) 1.1¢vs, 144
Vo 1.2¢Vg, 157

Table 8.5: Speeds as de ned in the landing performance

Speed Determined from Value [kts]

Vs,.q (Stall speed) - 109
Va (Approach speed) 1.3Ws, 141
Ve (Average Flare speed) | (1.15A1.3)¢vg,_ /2 133
V7p (Touch-down speed) 1.15¢Vs, 125
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Furthermore, the second segment climb with one engine inoperative is assessed. The CS25 regulations
(CS25.121) specify a minimum climb gradient of 0.024 to be obtained in the second segment climb. The
TU-ecoliner reaches a climb gradient of 0.055, which means that this requirement is met.

The climb performance of the TU-ecoliner is depicted in Figure 8.12. This climb performance results in a
theoretical service ceiling of 43,100 ft. The discontinuity in the rate of climb graph is due to an empirical
relation which is used to take into account the effect of altitude and speed on the thrust. This relation changes
after Mach 0.4 and hence the line shows this kink. This relation and an explanation can be found in Section
8.1.5.

Figure 8.12: Unsteady rate of climb

Noise

In order for a next-generation aircraft to pass certi cation, it has to pass Chapter 14 noise requirements set
by ICAO. The noise of the aircraft can be divided into 2 groups, the airframe noise and the engine noise. The
airframe noise of the TU-ecoliner is assessed using NASAs ANOPP noise prediction method, which takes into
account the noise generated by the wing, the tailplanes, aps, slats, landing gear and landing gear strut.

To assess the engine noise using the ANOPP method, detailed engine characteristics are necessary and could
not be obtained within the limited time frame. Therefore, the engine noise during the approach phase of the
ight is assessed based on a PhD thesis by Lothar [9], in which the assumption is made that during approach
the engine noise and airframe noise are comparable. During take-off, the engine noise is estimated assuming
that the acoustic power of the jet is proportional to the eighth power of the average engine exit velocity.

Since the ANOPP method does not fully represent the airframe noise of the aircraft, the results of this method
can not be compared to actual measured data. Therefore, to have an estimation of the noise emissions of the
TU-ecoliner compared to a current aircraft, the aircraft characteristics of the Boeing 737 MAX 8 were used as
input in the self-written code. From this comparison, which can be seen Figure 8.23, it follows that during
approach after approximately 900 Hz, the Sound Pressure Level (SPL) of the TU-ecoliner is higher than the
Boeing 737 MAX 8. However, the noise reduction technologies which will be implemented on the aircraft can
not be assessed with this ANOPP method and the code showed some de ciencies. Therefore, the decision
has been made to assess the noise of the TU-ecoliner qualitatively bases on the noise reduction technologies.
With these noise reduction technologies it is expected that the aircraft will comply with the Chapter 14 noise
requirements.
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Figure 8.23: Comparison between Boeing 737 MAX 8 and TU-ecoliner in approach conditions

Emissions

Using a database from EASA containing over 500 turbofan engines, a statistical analysis is done on the thrust
speci ¢ fuel consumption (TSFC) during climb. Looking at the relation between the bypass ratio and TSFC, a
regression line was obtained with an R 2 of 0.8872. From extrapolation a TSFC during climb of 6.692 mg/N/s
was found , which ledto ac jro Of 1.425 kg/s. Using fuel consumption ratios statistically obtained for a thrust
output of &2 A106.5 kN, a G, of 1.171 kg/s and a cj,, of 0.412 kg/s was found.

From the obtained engine fuel consumption the CO , emissions of the aircraft could be determined using the
fuel consumption, emission index and the time spent in a ight phase. For a ight of 1806 km, 30,657 kg of
CO, is emitted by the TU-ecoliner. This is a reduction of 17% compared to the Airbus A321neo.

Figure 8.31: Fuel cost per second vs fuel consumption per second for different fuel blends.

8This number had been con rmed by looking at the trend of TSFC over time.
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Furthermore, the implementation of biofuels is assessed. Different types of biofuels were mixed in a blend
of 80% of Jet-A fuel and 20% biofuel and a blend of 60% of Jet-A fuel and 40% biofuel. The results of this
assessment are depicted in Figure 8.31. It shows the cost per second and the emissions per second for the
different biofuel/conventional fuel combinations.

A blend of kerosene with 40% of e.g. camelina would lead to a decrease in emissions of more than 8 tons
compared to when only kerosene is used, leading to 21.7t CO ; emitted in a ight of 1,806 km.

RAMS Characteristics

The TU-ecoliner is designed to be a highly reliable and safe aircraft. Overall, the reliability of the aircraft is
expected to be on par with the current state-of-the art inter-European aircraft like the Airbus A321neo. Relia-
bility might be reduced somewhat by the hybrid laminar ow control system as this is a complex and sensitive
subsystem. The engines will also incorporate several new technologies which might be more sensitive to re-
liability issues. However, the aircraft will be tted with a state-of-the-art aircraft monitoring system, which
allows problems to be communicated at an early stage and maintenance to be properly planned.

A high level of safety will be realized by fully complying with the requirements set by CS-25 [6]. Furthermore,
a comprehensive list of safety critical items has been compiled. The items on this list have been heavily
Incorporated in the redundancy philosophy, which provides four levels of redundancy to the primary ight
controls and three levels of redundancy to the engine fuel supply.

Cost Analysis
The cost analysis was done using statistical methods. The estimated market price of the TU-ecoliner is 85.2
million US dollars. The total production and development costs add up to 33.3 billion US dollars.

Following from the market analysis and estimated market share of single aisle aircraft, it was estimated that
960 TU-ecoliners will be produced over a 30 year production period. The resulting return on investment for
the manufacturer is 145.8%. This is approximately 5% per year, which is approximately 3% above the forecast
in ation rate.

The direct operating cost has been determined considering fuel, maintenance, crew, depreciation, and insur-
ance cost. The total DOC of the aircraft is 4004 dollars per block hour.

Risk Assessment
The most severe risks that have to be accounted for in the design are:

* R.A.1: Anincorrect assumption has been made

* R.A.2: The code does not calculate the intended outcome

¢ R.A.3: The design fails to comply with CS-25

¢ R.A.4: Requirements have not been met

* R.M.1: The electric actuators on primary ight controls have not been implemented yet

In order to minimize these risks, mitigation strategies have been decided on. These have to do with for exam-
ple veri cation and validation, making good assumptions, keeping track of requirements or creating redun-
dant systems.

Design Rationale
In the design rationale, the requirement compliance matrix and the sustainable developement strategy have
been covered.

Requirement Compliance Matrix

During the design process, a requirement compliance matrix has been assembled in order to check if all
requirements have been met. All stakeholder and product requirements have been met and almost all system
and subsystem requirements have been met. A few requirements are still unknown and only requirement HF-
SYS-LG-05 which states that the nose landing gear carries more than 8% of the aircraft weight has not been
met.
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Sustainable Development Strategy

A sound sustainable development strategy is crucial to the successful design of the TU-ecoliner. Environmen-
tal sustainability has mainly been implemented by reducing noise, fuel consumption and emissions. More-
over, a strong emphasis has been put on designing the aircraft to be highly recyclable at its end-of-life. The
design team will also work in accordance with AFRA and BMP [10] in order to increase the value of recycled
parts to provide a nancial incentive for recycling.

Economic and social sustainability will be realized for all stakeholders. This will mainly be achieved by low-
ering the noise and emissions, and fully complying with all regulations. Moreover, it will be realized by im-
plementing a solid reliability and maintainability strategy.

Outlook

Considering the post-DSE phase of the project, a manufacturing, assembly and integration plan, a project de-
sign and development logic and a Gantt chart have been made. The manufacturing, assembly and integration
plan gives an overview of the different stages that make up the manufacturing and assembly process. It starts
with manufacturing and buying of parts and subsystems, goes through sub-sub assemblies, sub assemblies,
the nal assembly and painting all the way to ight testing and delivering the aircraft.

The project design and development logic gives an overview of the phases the project goes through after the
DSE. It starts with further re ning the preliminary design and making a detailed design, next the certi cation
process must be gone trough. After that, the aircraft has to be manufactured, assembled and test own before
it can be delivered to the customer.

The DSE Gantt chart contains all tasks that need to be performed after the DSE in order to deliver the aircraft
to the customer. It has a timeline of 15 years, which is the deadline for delivery, starting right after the DSE.
Each task has been assigned an approximate duration. The planning is nished in 14 years, which means
there is a one year contingency for delays along the way.

Conclusion and Recommendation

The TU-ecoliner presents a convincing response to the environmental challenges facing the future of the
aviation industry. With a high strutted wing con guration, an aspect ratio of 14 is attained. The result is a
smaller, more ef cient wing, that is 19% lighter than a cantilever wing of equivalent aspect ratio and surface
area. Implementing a gearbox between the fan and compressor stages allows the turbine and fan to run at
their respective optimum speeds, enabling ultra-high bypass ratios to be achieved. Moreover, a geared tur-
bofan presents potential for weight saving, as less compressor and turbine stages are required. Achieving a
bypass ratio of 14, the average exhaust velocity is reduced, reducing jet noise and lowering speci ¢ fuel con-
sumption by 17%. Finally, with the emphasis on a more electric aircraft, the TU-ecoliner is EGTS compatible,
completely eliminating noise and emissions at airports. Furthermore, the removal of the APU, and adop-
tion of electric actuators in place of pneumatic actuators results in weight savings and a bleedless aircraft,
increasing engine ef ciency.

Taking all technological advancements into account, the TU-ecoliner promises 17% reductionsin CO  , emis-
sions, while reducing DOC by 24% compared to the A321neo, while meeting ICAO Chapter 14 noise regu-
lations. The result is a cleaner, cheaper aircraft, optimized for the typical inter-European range, capable of
transporting 240 passengers on over 90% of all European routes, and able to service 10% more airports than
the current competition.

Considering all improvements in design and performance, there are still opportunities to further re ne the
design. With the future of aviation speci cally concerned with emissions, noise and migrating to fully electric
aircraft, further detailed design iterations can be performed with emphasis on these key aspects. The full
performance potential of the aircraft can be realized through a fully detailed design of the engines and wing
pro le. Finally, a detailed operational analysis will establish the TU-ecoliner as a truly viable option for the
future of clean ying.



Project Objectives

Nowadays, the International Civil Aviation Organization (ICAO) and other international bodies set CO 2 emis-
sion targets in order to lower the impact that the aviation industry has on the environment. This means there
is an apparent need for improved ef ciencies in the civil air transport sector.

The goal of this project is to design an aircraft for 240 passengers for the inter-European market. The current
generation of aircraft that are used on this market result in increasing and avoidable emissions due to their
over designed wings and engines. This sub-optimal operation of aircraft is shown in Figure 1.1 [11].

Figure 1.1: Range-fuel consumption diagram of an A320

Reducing Emissions

The main focus during the design is on decreasing its environmental impact by reducing emissions as much
as possible. This is where the title of the project "How Far Can We Get?" comes from. It will be visible through-
out the project that major design choices will be strongly based on this criterion.

Reducing Noise

Besides the reduction of emissions, also noise reduction is a major objective. Requirement HF-STK-AL-10
states: "The aircraft shall be at least 1 noise class lower compared to current inter-European state-of-the-art
aircraft." Aircraft noise can be divided into two categories: airframe noise and engine noise. A reduction in
the combination of these two will be the objective.

Reducing Direct Operating Cost

Athird objective is optimizing the direct operating cost. For this, requirement HF-STK-AL-09 says: "The direct
operating cost of the aircraft shall be at least 10% lower compared to current inter-European state-of-the-art
aircraft." The direct operating cost of an aircraft includes fuel, crew, maintenance and owning cost. Lowering
any of these will lower the total direct operating cost.



Market Analysis

An analysis of the current and future markets has been performed to determine stakeholder demands, and
to forecast the areas of growth for the next generation of aircraft. Speci c attention will be payed to inter-
European routes. ldentifying these demands will allow for the development of an aircraft that will be well
positioned in the market, and more attractive than the current competition. Speci ¢ metrics such as passen-
ger capacity, range, take-off length and direct operating costs will be determined, and stakeholders will be
identi ed to develop a series of aircraft requirements in Chapter 3.

2.1. High Demand Routes

A signi cant area of interest in the current market is the identi cation of the routes with high demand. These
routes give a general indication of the needs and demands of passengers, airlines and airports, with respect
to range and capacity. Furthermore, the competition can be identi ed.

The average distance own by low cost carriers (LCCs) in Europe is 1,150 km, with passenger capacity in-
creasing 12% in the years between 2002 to 2016 [5]. To further determine high demand routes in Europe, lists
of high demand airport pairs ! and country pairs 2 have been analyzed. From the list of airport pairs it can be
seen that the most high-demand routes are relatively short distances. The longest route in the list (Paris-Nice)
is not even 700 km and the shortest route in the top ten (Barcelona-Palma de Mallorca) is 200 km.

From a more recent study of the 20 busiest air travel routes globally, two inter-European routes are presentin
the list [12]. These are the Dublin-London Heathrow (DUB-LRH) and Amsterdam-London Heathrow (AMS-
LHR) routes. Both saw the transport of approximately 1.8 million passengers in 2017. The DUB-LHR route
involves an average stage length of 449 km and the average stage length of the AMS-LHR route is 365 km.
A large competitor for the really short range market of routes up to 1,000 km is high speed rail. On certain
routes in Europe high speed rail offers a strong alternative to aircraft. On the route London to Paris the high
speed train has a market share of 80% 3 operating 15 trains a day. Furthermore there are several other connec-
tions between city pairs in Europe but many cities remain unconnected to the high speed rail network and it
will take much loner than one generation of aircraft to connect these. Also when there is a proper connection
such as Berlin-Munich there is still a high demand for air travel so rail does not necessarily pose a signi cant
commercial threat to short range air travel.

2.2. Market Forecast

The demand for global aviation is expected to more than double over the next twenty years [5, 13]. The
domestic and inter-regional European market is expected to have an annual growth rate of 2.9% [5]. This
growth is driven by a demand for approximately 5,500 single aisle aircraft to be delivered in Europe alone,
over the next two decades [5, 13]. Approximately 45% of the regional single aisle aircraft will be large single
aisle aircraft [14]. Single aisle aircraft are forecast to occupy 71% of total global aircraft deliveries in this
timespan [13]. This data clearly demonstrates the signi cant demand for this aircraft type in the future.

Ihttp://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Top_10_airport_pairs_within_the_
EU28_2016.jpg [cited 8 May 2018]

2http://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Intra-EU_traffic_at_country_
level_Top-10_country_pairs_represent_40_ %25 _of 2016_intra-EU_traffic.png [cited 8 May 2018]

Shttps:/iwww.theguardian.com/commentisfree/2016/oct/28/eurostar-exile-europe- brexit- britain-relationship_
france [cited 8 May 2018]



2.3. Aircraft Range

With the smallest members of the A320 and 737 families only accounting for 2% of deliveries [15], it is an
apparent trend that larger single aisle aircraft like the A321neo are in high demand [16]. The market forecast
analysis identi ed that European carriers, especially LCCs, are increasing the seat capacity on their ights [5].
Carriers such as EasyJet have upgraded their orders for 30 of the A320neo, to the larger A321neo in order to
increase route capacity 4. Therefore it is concluded, that a seating capacity of 240 passengers in a single class
con guration is found to be desirable for the market.

The increase in single-aisle aircraft capacity is a response to the increasing number of passengers who travel
due to lower cost tickets. This requires LCCs to focus on greater aircraft and operation ef ciencies, in order to
yield suf cient revenues [5]. This trend is also in line with the increasing emphasis on sustainability, due to
the targets set by government bodies such as ICAO. One of these targets is a 2% annual increase in fuel burn
ef ciency [4]. This goal is a response to the UN 2030 Agenda for Sustainable Development.

2.3. Aircraft Range

For the range determination, a data set ® of twelve different days was used, with each day containing a list
of every ight within Europe on that day. This data set ranges from May 2016 to February 2017. As all days
are in a different period of the year, this gives a reasonable estimate for the daily traf c throughout the year.
The ranges of 20,000 ights a day were plotted in a histogram, resulting in a 12 day average. As can be seen
in Figure 2.1, the histogram is heavily skewed to the left, indicating that short range routes are own most
frequently, supporting the ndings of Section 2.1. From the data set, it can be deduced that in order to cover
90% of ights, on average © a range of around 1,800 km is needed.

Figure 2.1: Range distribution functions of inter-European ights during twelve different days.

Finally, the passenger load factor must be determined. According to the Airbus Global Market Forecast [5],
the global load factor in 2016 was around 80%, compared to 65% in 1990. Recently however, the load factor
is seen to be increasing at a slower rate. Therefore, a load factor of 94% is assumed for the next generation
aircraft and hence the aircraft has to perform the design range with a load factor of 94%.

“http://corporate.easyjet.com/corporate-responsibility/environment [cited 30 April 2018]
5These data les have been obtained in a previous project during the bachelor, provided by the tutor.
6The data of twelve different days have been compared for a 90% ight coverage.
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2.4. Aircraft Required Take-off Length

A preliminary requirement was set regarding the required take-off length of 2,000 m [17]. To determine what
impact this has on the operation of the aircraft, a list of all paved runways in Europe is obtained from the CIA
World Fact Book ’ and summarized in a graph as can be seen in Figure 2.2. From this graph it can be seen that
if the aircraft requires a take-off distance of 2,000 m, it can use approximately 77% of the airports in Europe.
Reference aircraft such as the Airbus A321-200 and Boeing 737-800 have a required take-off length of 2,280
m and 2316 m?8 respectively, as indicated in Figure 2.2. This makes approximately 67% of Europe's airports
accessible. Thus, designing for a maximum take-off length of 2000 m, allows the aircraft to operate at least
10% more airports than its competitors.

Figure 2.2: Runway distribution function of paved European runways.

2.5. Aircraft Direct Operating Costs

In order to make the aircraft more attractive to costumers, it should be cheaper to operate compared to its
competitors. Therefore, the aircraft should have at least 10% lower direct operating cost (DOC), where the
DOC consists of maintenance costs, crew costs, ownership costs and fuel costs 9. However, crude oil prices
are expected to increase from 63$ a barrel to around 85$ a barrel in 2025 0. Therefore, comparing the DOC of
the designed aircraft in 2025 with the aircraft nowadays is not legitimate. So, to have a proper comparison of
the DOC, the fuel and oil costs will be kept xed at the 2017 value.

An indication of comparable aircraft DOC was obtained using data from the Bureau of Transportation Statis-
tics. Table 2.1 indicates the operating costs in dollars per ying hour for comparable sized aircraft. Where
ying hour is the time between take-off and landing . From this table it can be seen that operating costs
of the new generation aircraft such as the A320neo and the Boeing 737 MAX 8 are lower than those for the
older generation, which is predominantly caused by the lower maintenance costs. However, this conclusion

is questionable, since the amount of data points ( ying hours) is insuf cient.

https://www.cia.gov/library/publications/the-world-factbook/fields/2030.html [cited 30 April 2018]
8http://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm [cited 30 April 2018]
https://www.icao.int/MID/Documents/2017/Aviation%20Data%20and%20Analysis%20Seminar/PPT3%20-%20Airlines%

200perating%20costs%20and%20productivity.pdf  [cited 1 May 2018]
10https://www.thebalance.com/oil-price-forecast-3306219 [cited 8 May 2018]
Uhttps://www.transtats.bts.gov/Fields.asp [cited 9 May 2018]
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Table 2.1: Direct operating cost distribution of 9 reference aircraft of 2017

Cost per ying hour (USD/h) .
Aircraft Fuel . . Flying
& Oil Maintenance Crew | Depreciation Rental | Insurance | Other | TOTAL | hours (h)
A319 1,495 841 990 334 306 4.88 5.37 3,670 951
A320 1,568 915 971 319 312 4,56 9.52 3,788 1,706
A320neo 1,651 395 678 226 944 2.46 2.93 2,955 28
A321 1,828 971 | 1,267 327 429 0.57 1.32 4,395 1,109
B737-900 | 1,433 583 | 1,079 341 16 1.83 1.27 3,438 630
B737-800 | 1,599 810 | 1,179 331 283 5.17 2.62 3,927 2,510
B737-700 1,625 900 | 1,195 291 174 9.51 0.05 | 4,020 1,828
MAX 7
B737 1,683 214 | 1,155 413 20 10.10 0.00 3,475 10
MAX 8 ’ ’ ’
B757-200 | 2,010 1,599 | 1,509 702 192 7.02 | 19.96 | 5,847 863
AVERAGE | 1,655 803 | 1,114 365 298 5.12 4.78 3,946

2.6. Technical SWOT Analysis

In this section the technical SWOT analysis is performed, and presented in Figure 2.2. A technical SWOT
analysis is a useful tool to analyze the product, in this case the aircraft, on multiple aspects. The internal
strengths and weaknesses are assessed. This includes researching what the aircraft in itself is good at and
how it performs compared to competitors. The external factors are assessed under opportunities and threats.
These include factors like market trends or regulatory actions, things that the aircraft has no in uence on but

do have an in uence on its commercial performance and operations.

Table 2.2: Technical SWOT analysis

Helpful Harmful

Internal

Opportunities

- Growing aviation market

- Need to make aviation more sustainable
- Increased inter-European migration

ows (international labor market)

External

2.7. Target Cost

To ensure a competitive aircraft is designed, it is necessary to have a target cost that ensures the aircraft
performs well on the market. To nd a competitive price for the aircraft, comparable aircraft prices were
referenced. The main competitor for this aircraft is the A321neo, which has a list price of 129.5 million USD

As the aircraft will not enter service for another 15 years the aircraft price will be expressed in scal year 2018.
This enables the sales team to take in ation into account in the price in 15 years time. As cost of ownership
is a large part of the direct operating cost of an aircraft, the aimed price of the aircraft will be 10% lower than
that of the A321neo. Therefore the target selling price of the aircraft will be 116.55 million USD.

12

L2http://www.airbus.com/newsroom/press-releases/en/2018/01/airbus-2018-price-list-press-release.html [cited
1 May 2018]




2.8. Stakeholders

2.8. Stakeholders

The following ve groups have been identi ed as stakeholders due to their interest or involvement in this
aircrafts development program. Each stakeholder has requirements which must be de ned and ultimately
complied with. The stakeholder requirements are summarized in the breakdown chart in Figure 2.3.

2.8.1. Airlines

Airlines are seen as a primary stakeholder as they are often the primary customer, i.e. they purchase the nal
product. They (may) have different interests that ow down into requirements, generally putting constraints
on the design. The interests and considerations of airlines may be summarized as follows 13,

* The range (in combination with payload) should be such that the airline can operate on its desired
routes with a desired payload capacity.

» The Direct Operating Cost (DOC) should be low for airlines as their primary purpose is to make pro t.

* The internal fuselage arrangement, which results in a passenger capacity, is also of major importance
for airlines. It has a big in uence on the pro t an airline can make.

» One of the primary goals of (air) transport is to bring the passengers as quickly as possible to their
destinations. Therefore aircraft parameters as cruise speed (V crise) have a high priority for airlines.

» Foran airline, the environmental impact of its eetis important. Airports charge landing charges which
contain noise and emissions charges, depending on the noise and emissions level of the aircraft 4.

» The general ight performance of aircraft is of interest to the operating airline, as this determines the
ef ciency of the aircraft and passenger comfort, among others. A special category within ight per-
formance is the take-off and landing performance, owing down into a required take-off and landing
distance. This distance is an important parameter as it determines on which airports the aircraft can
land and therefore determines the possible network. For now this stakeholder requirement has been
set such that it corresponds to the ndings in Section 2.4.

Figure 2.3: Stakeholder Requirement Breakdown

13Note: these are not yet formulated as requirements.
14https://www.easa.europa.eu/eaer/topics/market-based-measures/airport-charging-schemes [cited 2 May 2018]
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2.8.2. Authorities

The design of the aircraft has to be such that it complies with the regulations set by authorities. If not, the
aircraft will not receive certi cation and has to be redesigned, hence authorities are important stakeholders.

This regulatory function is performed by the European Aviation Safety Agency (EASA) 5. This agency has
multiple certi cation speci cations, where CS-25 is speci cally for large aircraft.

From a noise perspective, the aircraft must comply with the CS-36 noise regulations [7]. These are pre-
scribed by ICAO in Annex 16 to the Convention on International Civil Aviation, Volume | [18]. Certi cation
requirements on engine emissions are also speci ed by ICAO in Volume Il of this Annex [19]. These emis-
sions are: unburned hydrocarbons (HC), carbon monoxide (CO), oxides of hydrogen (NO ) and smoke.
Reference times and thrust settings are de ned during which emissions are measured. They are based on
the operating modes of the landing and take-off (LTO) cycle: take-off, climb, approach, taxi/ground idle.

2.8.3. Passengers

The entire aircraft development program essentially is a direct response to passenger travel needs and re-
quirements. Passengers have considerable in uence on the design of the aircraft, and should be treated as
stakeholders. Passenger concerns can be broken down into eight distinct factors [20], each describing one
aspect of ight experience. The rstfactor: 'peace of mind' implicates a state of psychological ease and cor-
responds to concerns for security, tranquility and relief. The second factor: 'Physical well being' indicates
the physical aspect of comfort concerning bodily support and energy. Factor number three: 'Proxemics'
relates to the amount of autonomy, control and privacy passengers can achieve within the limits of their
seat. Factor number four: 'Satisfaction’ represents an experience of gratitude as soon as the concerns or
accessibility, adequacy and quality of design are ful lled. Factor number ve: 'Pleasure’ represents the
joyful experience on board and the extent to which the anticipations of the passenger are exceeded. The
sixth factor: 'Social' is the interaction between passengers on board the aircraft and the extent to which
they tolerate each others' behaviour. Factor number seven: 'Aesthetics' refers to the neatness and style the
passenger experiences. The eighth and nal factor: 'Association’ involves evoking familiar memories and
symbolism.

2.8.4. Manufacturers

The manufacturer is de ned as the company that designs and assembles the aircraft. Even though the man-
ufacturing team and design team often fall within the same company, they have separate roles within the
company. Thus, 'manufacturers' can be seen as an individual stakeholder that should be taken into account
by the design team when designing the aircraft. The manufacturer requirements are mainly composed to
ensure the manufacturer is able and allowed to sell the aircraft once it has been designed and built. There-
fore, the manufacturer requirements concern customer related points such as direct operating cost and
operational emissions of the aircraft, but also manufacturing aspects such as emissions due to manufactur-

ing.

2.8.5. Airports

Airports are also considered major stakeholders in the development of new aircraft, as almost all aircraft
operations after delivery take place in and between airports. As such, the regulations and requirements that
airports enforce shall be taken into consideration. To accommodate new aircraft, airports are speci cally
concerned with the compatibility of aircraft with existing equipment; as such the aircraft's dimensions are
constrained by airport taxiway and gate clearances. Lastly, the aircraft must be compatible with existing
ground support equipment. This includes jet bridges, stair trucks, refuelers, tugs and ground power units.

Furthermore, airports require that aircraft comply with their noise and emission mitigation initiatives,
which vary per airport. Airports with a certi ed environmental or quality management system manage
approximately 80% of European air traf ¢ 16. Most of these measures aim to reduce the aircrafts reliance
on consuming jet fuel on the ground with initiatives such as 'green taxiing' and the adoption of electrically
powered ground support equipment.

2.8.6. General Public

As nal important stakeholder there is the general public. As aircraft are still polluting the environment and

creating noise around airports. The most important sub group of this general public are the people living
in the vicinity of the airports. They suffer the most from noise and emissions pollution. The current trend
that more and more restrictions are put on airport operations and operating hours is due to complaints of
their neighbours. This puts a restriction on the growth of the industry. If quieter and less polluting aircraft
are designed, maybe these restrictions can be reversed.

LShttps://www.easa.europa.eu/the-agency/the-agency [cited 2 May 2018]
16https://www.easa.europa.eu/eaer/topics/airports [cited 3 May 2018]



Requirements

The requirements chapter shall rstly present the user requirements. Thereafter, the user require-
ments that are not speci ed in enough technical detail are further speci ed in Section 3.2. Require-
ments for the aircraft as a whole are referred to as product requirements. These requirements for the
aircraft are then broken down to system and subsystem requirements.

3.1. User Requirements

The users for this project were identi ed as the airlines, authorities, airports and of course the pas-
sengers. The requirements of each of the aforementioned categories were determined in the baseline
report [3] and are presented below in Table 3.1.

Table 3.1: List of all user requirements

ID Requirement
Airlines
HF-STK-AL-01 The aircraft shall have a range of 1,800 km with a load factor of 94% 1
HF-STK-AL-02 The aircraft shall be able to carry 240 passengers in single class con guration.
HF-STK-AL-03 The aircraft shall have a maximum cruise speed comparable to current state-of-the-
art inter-European airliners.
HF-STK-AL-04 The aircraft shall have a service ceiling of 12 km.
HF-STK-AL-06 The aircraft shall be able to take off within 2,000 m at ISA conditions at sea level.
HF-STK-AL-07 The aircraft shall be able to land within 2,000 m at ISA conditions at sea level.
HF-STK-AL-08 The aircraft shall be able to carry at least 10 LD3-45W cargo containers.
HF-STK-AL-09 The direct operating cost of the aircraft shall be at least 10% lower compared to cur-
rent inter-European state-of-the-art aircraft using an average fuel price of 1.69 USD
per gallon 2.
HF-STK-AL-10 The aircraft shall be at least 1 noise class lower compared to current inter-European
state-of-the-art aircraft.
HF-STK-AL-11 The aircraft shall be operational within 15 years.
HF-STK-AL-12 The aircraft shall have an emissions reduction of at least 10% compared to current
inter-European state-of-the-art aircraft.
HF-STK-AL-13 The aircraft shall have a operational life of at least 30 years.
Authorities
HF-STK-AU-01 The aircraft shall comply with CS25 [6].
HF-STK-AU-02 The aircraft shall comply with CS36 [7].
HF-STK-AU-03 The aircraft shall comply with the emission requirements prescribed in Annex 16 to
the Convention on International Civil Aviation, Volume 11 [19].
Airports
HF-STK-AP-01 The aircraft shall satisfy taxiway clearances.
HF-STK-AP-02 The aircraft shall satisfy gate clearances.
HF-STK-AP-03 The aircraft shall be compatible with existing airport ground support equipment.
Passengers
HF-STK-PS-01 The cabin shall be able to store the carry-on luggage taken on board by passengers.
HF-STK-PS-02 The seating area shall have enough legroom to sit comfortably.
HF-STK-PS-03 The passengers shall be able to make use of all passenger intended areas.

1This has been determined in Section 2.3

2https://www.statista.com/statistics/197689/us-airline-fuel-cost-since-2004/

[cited 9 May 2018]
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3.2. Speci ed Product,System and Subsystem Requirements
Following from the user requirements, the product (complete aircraft) requirements are speci ed in technical
terms and further speci ed for each system and subsystem. These requirements are presented in Table 3.2

Table 3.2: List of all product, system and subsystem requirements

Requirement

Product Requirements

Pre- ight operations system requirements

HF-PROD-PFOPS-01

The center of gravity shall not shift beyond the safety limits, when loading the cargo.

HF-PROD-PFOPS-02

The center of gravity shall not shift beyond the safety limits, when loading the pas-
sengers.

HF-PROD-PFOPS-03

The aircraft shall be compatible with modern communication technology.

Ground operations requirements

HF-PROD-GO-1

The aircraft shall not tip over during taxiing.

Flight requirements

HF-PROD-FLT-01

The center of gravity of the aircraft shall stay between 25 and 65 %MAC during all
operations of the aircraft.

HF-PROD-FLT-02

The aircraft shall be statically stable along all axes.

HF-PROD-FLT-03

The aircraft shall be dynamically stable along all axis.

HF-PROD-FLT-04

The aircraft shall have a scrapeback angle of 9.5 degrees.

HF-PROD-FLT-05

The aircraft shall be controllable within the ight envelope.

HF-PROD-FLT-06

The aircraft shall have a climb rate of at least 2000 ft/min.

HF-PROD-FLT-07

The maximum mach operating number shall be 0.82 M.

HF-PROD-FLT-08

The aircraft shall be able to loiter for 30 minutes.

HF-PROD-FLT-09

Passengers shall be able to safely disembark from the aircraft.

HF-PROD-FLT-10

The aircraft shall be able to operate on an airport with an LCN of 50.

HF-PROD-FLT-11

The aircraft shall be able to cruise at 0.79 M.

System and Subsystem Requirements

Wing

HF-SYS-WING-01

The wing loading (W/S) shall be at least 6000 N/m 2.

HF-SYS-WING-02

The optimum C | at clean con guration shall be at least 0.73.

HF-SYS-WING-03

The critical mach number shall be at least 0.79.

HF-SYS-WING-04

The drag divergence mach number shall be at least 0.82.

HF-SYS-WING-05

The incidence angle of the wing shall be 3.3 degrees.

Wingbox

HF-SYS-WING-BOX-1

The wingbox shall not yield in bending at any point along the span due to a pull-up
manuever at MTOW.

HF-SYS-WING-BOX-2

The wingbox shall not yield in shear at any point along the span due to a pull-up
maneuver at a load factor of 2.5 at MTOW.

HF-SYS-WING-BOX-3

The The von Mises stress shall not exceed the effective yield strength of the wingbox
material at any point due to a pull-up maneuver at a load factor of 2.5 at MTOW.

HLD's

HF-SYS-WING-HLD-1

The HLD's shall be able to providea ¢ C,_, of 1.55 at 50 degrees de ection.

HF-SYS-WING-HLD-2

The margin between the beginning of the aps and fuselage along the wing span
shall be at at least 5 cm.

HF-SYS-WING-HLD-3

The margin between the beginning of the slats and the fuselage along the wing span
shall be 2 m.

Aileron

HF-SYS-WING-AIL-1

The aileron shall be able to roll the aircraft by 45 degrees within 1.4 seconds.

HF-SYS-WING-AIL-2

The position of the aileron shall not hinder the operation of other wing devices or
systems during operation.
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Propulsion

HF-SYS-PROP-01

The thrust loading (T/W) shall be less than 0.32.

HF-SYS-PROP-02

The engine shall deliver a maximum static thrust of 213 kN at sea level.

HF-SYS-PROP-03

The engine shall have a ground clearance of at least 0.5 m.

Fuel system

HF-SYS-PROP-FUE-01

The fuel system shall provide three levels of redundancy in fuel supply to the engines.

HF-SYS-PROP-FUE-02

The fuel tanks shall be able to carry 12,161 kg of Jet A-1 fuel.

HF-SYS-PROP-FUE-03

The left and right wing fuel tanks shall be able to store 7,250 L each.

HF-SYS-PROP-FUE-04

The empennage fuel tank shall be able to store stored 510 L.

Landing gear

HF-SYS-LG-01 The pressure on the wheel braking systems shall not exceed those speci ed by the
brake manufacturer.

HF-SYS-LG-02 The angle between the lateral landing gear position and the cg about the z-axis shall
be at most 63 degrees [21].

HF-SYS-LG-03 The angle between the longitudinal landing gear position and the cg about the z-axis
shall be at least 15 degrees [21].

HF-SYS-LG-04 All landing gears shall be able to be fully stored within the fuselage after take-off.

HF-SYS-LG-05 The nose landing gear shall not carry less than 8% of the aircraft weight.

HF-SYS-LG-06 The nose landing gear shall not carry more than 14% of the aircraft weight.

Braking system

HF-SYS-LG-BS-01

The Braking system shall be able to provide a friction reaction coef cient of 0.4.

Fuselage structure

HF-SYS-FUS-01

The cabin shall maintain a pressure equivalent to 2,438 m altitude at ISA conditions
under normal operating condition.

HF-SYS-FUS-02

The fuselage skin shall not buckle during take-off.

HF-SYS-FUS-03

The fuselage structure shall not yield in bending during take-off at a load factor of
2.5.

HF-SYS-FUS-04

The fuselage structure shall not yield in shear during take-off at a load factor of 2.5.

HF-SYS-FUS-05

The fuselage structure shall not yield in bending during landing at a load factor of
2.5.

HF-SYS-FUS-06

The fuselage structure shall not yield in shear during landing at a load factor of 2.5.

Cabin Layout

HF-SYS-FS-CL-01

The seat pitch shall be at least 28 in.

HF-SYS-FS-CL-02

The head-space height shall be at least 65 in.

HF-SYS-FS-CL-03

The aisle width shall be at least 19 in.

Floor

HF-SYS-FS-FL-01

The cabin oor shall be level during cruise.

HF-SYS-FS-FL-0f

The cabin oor shall not yield at 100% loading at a load factor of 2.5.

Stringers

HF-SYS-FS-ST-01

The stringers installed on the fuselage shall not overlap one another

HF-SYS-FS-ST-02

The stringers shall not fail due to crippling stress.

HF-SYS-FS-ST-03

The stringers shall not fail due to maximum bending stress experienced during op-
erations.

Horizontal tail

HF-SYS-TAL-01

The horizontal tail shall be placed at least 0.5 m above the engine thrust direction.

Horizontal tail wingbox

HF-SYS-TAL-BOX-1

The horizontal tail wingbox shall not yield in bending at any point along the span
during landing at most forward cg position.

HF-SYS-TAL-BOX-2

The horizontal tail wingbox shall not yield in shear at any point along the span during
landing at most forward cg position.

HF-SYS-TAL-BOX-3

The von Mises stress shall not exceed the effective yield strength of the horizontal
tail wingbox material at any point of the span during landing at most forward cg
position.
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Hydraulic and electric system

HF-SYS-HYS-1 The hydraulic system shall be able to deliver the primary power to ight controls.

HF-SYS-HYS-2 The hydraulic system shall have two levels of redundancy.

HF-SYS-ECS-1 The electric system shall be able to provide two additional levels of redundancy to
the ight control system.

HF-SYS-ECS-2 The electric system shall have three levels of redundancy for the power supply.

3.3. Constraints

Several types of constraints can be identi ed. The constraints are divided into technical and non-technical
constraints. These constrains are presented in Table 3.3.

Table 3.3: List of technical and non-technical constraints

Type Constraints
Technical
Materials A certain combination of speci ¢ strength, speci ¢ weight, fatigue resistance and
elasticity constrains the material selection.
Fuel type The fuel speci ¢ energy, mass density, amount of net CO , emissions produced due

to fuel production and burn per MJ and the cost.

Engine technology

The maximum thrust, speci ¢ fuel consumption, noise and fan size.

Non-technical

Resources A justi ed conceptual design shall be nished by 9 team members of 5 8 hour work-
ing days per week.

Schedule A conceptual design shall be nished within 10 weeks.

Cost Follows from HF-STK-AL-09

Legal The aircraft shall comply with CS25 [6], CS36 [7] and emission requirements pre-

scribed in Annex 16 to the Convention on International Civil Aviation, Volume 11 [19].




Preliminary Design

4.1. Design concepts and Trade-off

The following section will start by describing the design concepts that have been formed in Subsection 4.1.1.
Followed by the trade-off criteria in Subsection 4.1.2 The results of the trade-off are discussed in 4.1.3 along
with a sensitivity analysis in Section 4.2. Finally, the recommended design will be described in Section 4.3.

4.1.1. Design Concepts

In the rst phase of the project six design concepts were formed based on a performed technology assess-
ment. Each concept was build around a single major design choice, to ensure a set of six coherent concepts.
The different concepts are depicted in Figures 4.1 to 4.6. A short description of the characteristics of the
concepts can be found in the captions of each design.

Figure 4.1: Concept 1 - Baseline design with geared turbofan Figure 4.2: Concept 2 - Double-bubble fuselage with ultra high
engines bypass ratio engines
Figure 4.3: Concept 3 - High aspect ratio, strutted wing with Figure 4.4: Concept 4 - High aspect ratio, strutted wing with
circular fuselage and intercooled turbofan engines non-circular attened bottom fuselage and ultra high bypass ratio
engines

12
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Figure 4.5: Concept 5 - High aspect ratio wing with circular fuselage Figure 4.6: Concept 6 - High aspect ratio, forward swept, strutted
and propfan engines shielded by a U-tail wing circular fuselage and geared turbofan engines

4.1.2. Trade-off Criteria

The design team has identi ed ve main trade-off criteria upon which each of the six recommended designs
will be judged. The speci ed trade-off criteria are explained below. The weights of the different criteria and
their sensitivity range are summarized and depicted in Table 4.1.

Table 4.1: Trade-off criteria with weights and sensitivity

Criteria Min  Weight Max
Development Cost 7 8
Emissions 8 9 10
Noise 5 6 8
Weight 6 7 8
Aerodynamic Performance 8 9

« Development cost: Development cost is a measure of the amount of work and cost involved in devel-
oping the incorporated technologies from each design into a nal product. It is primarily based of the
technology readiness level (TRL), as speci ed by NASA 1.

« Emissions: Emissions will be scored on the fuel ef ciency of the engines. Itis evident that if the engines
are more fuel ef cient, they consume less fuel and therefore emit less pollutants.

* Noise: Noise is an important objective for the new aircraft, as is stated in Section 1. Therefore, it will be
included in the trade-off with a weight of 6.

* Weight: One of the most important parameters in the design of an aircraft is weight. As a rule of thumb
it can be stated that a higher operational empty weight (OEW) results in a less fuel ef cient aircraft.
Since a lower fuel ef ciency leads to higher emissions, lowering the weight is of key importance to the
effective design of the aircraft.

« Aerodynamic performance: As a rule of thumb, higher aerodynamic performance leads to increased
fuel ef ciency and lower overall emissions. As the aerodynamic performance directly in uences the
emissions and fuel consumption of the aircraft it will be weighted with 8.

4.1.3. Trade-off Results
Each design is scored points between 1 and 10 for each criterion. Table 4.2 presents the trade-of results and
keywords upon which the score is based.

From the trade-off, it can be seen that Design 4 performs best. This is the result of good aerodynamic perfor-
mance, low emissions and desirable noise characteristics. Design 3 is second best, because of its aerodynamic
performance, relatively low development cost and low weight.

The nal scores of the trade-off are depicted in Figure 4.7. The blue bars represent the outcome of the original
trade-off. The choice for the concepts that will be used in the detailed design phase, will not only be based on
the trade-off, but rather on an in-depth analysis of the strengths and weaknesses of the designs. This will be
discussed in Section 4.2.

https://lwww.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion.html [cited 22 May 2018]
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Figure 4.7: Results from the trade-off including the sensitivity bars

4.2. Sensitivity Analysis

To evaluate the sensitivity of a design, the weighting factors are varied over a speci ed range. The exact range
is speci ed in Table 4.1. This is done in order to determine whether the winning design has been chosen
objectively. Figure 4.7 presents the outcome of the original trade-off by the blue bars and adds the sensitivity
range with the black bars. From these bars it can be determined that at the extreme weighting factors Design
4 is still the most optimal. However, with certain weighting factors Design 1, 3 and 4 might overlap and Design

1 or 3 might even be the best design. Moreover, it can be found that Designs 2 and 6 are very close in the nal
trade-off scores.

From these conclusions it is evident that no clear winning design can be appointed. The results from the
trade-off and the sensitivity analysis do not show signi cant differences between certain designs. Therefore,
there is no single best design. Instead, a combination of designs will be investigated from which a recom-
mended design will be set up.

4.3. Recommended Design

From Table 4.2 it can be seen that Design 1 has the lowest development cost and the lowest weight. This
is mainly caused by the use of a circular fuselage design. Design 5 performs best on emissions, because
of its propfan engine. However, the propfan performs worst with respect to noise. Since there is a strict
requirement on noise, it is chosen not to implement a propfan in the design. Instead, a high bypass ratio
engine will be used, because of the reduction in fuel usage. This will reduce the emissions and noise, as can
be seen from the performance of Designs 2 and 4.

Designs 3 to 5 have the best aerodynamic performance, caused by the high aspect ratio high wing con gura-
tion. In order to keep the structural weight low, a strutted wing will be used. These designs perform very well
on weight. Thus, it is chosen to implement this on the recommended design.

The following design is recommended: a high wing aircraft with a high aspect ratio supported by struts. A
circular fuselage will be implemented along with high bypass ratio engines which are placed below the wing.



Table 4.2: Trade-off table

Development cost (7) Emissions (9) Noise (6) Weight (7) Aerodynamic perfor- Total (in-
mance (8) cluding
weights)
Designl | 9: low development | 5: geared turbofan and | 6: regular geared | 9: small tail, medium 4: medium aspect ratio, low 239
cost. Iteration on medium aspect ratio turbofan aspect ratio wing
current aircraft.
Design2 | 5:newfuselageandnew | 7: ultra high bypass ratio but 9: ultra high bypass | 3: large tail, non- | 3: medium aspect ratio, | 206
engine option large frontal area ratio, no HLD's, low circular fuselage, T-tall, large frontal area, T-tail
wing so short land- medium aspect ratio
ing gear
Design 3 | 8:only newenginetobe | 6: intercooled turbofan 5: no gearing inthe | 8: circular fuselage, | 8: slenderfuselage, highas- | 269
developed engine high aspect ratio but | pectratio, T-talil
strutted wing
Design4 | 7: new non-circular | 8: ultra high bypass ratio and 8: ultra high by- | 5: non-circular fuse- 9: high aspect ratio, high | 276
fuselage slender fuselage passratio enginebut | lage, high aspect ratio | wing, slight smaller frontal
fairing required for but strutted wing area. than circular fuselage
landing gear
Design5 | 5: very new engine op- | 10: propfan engine 4: open blades 4: cantilevered high as- | 7: high aspect ratio, U- | 233
tion still to be devel- pect ratio wing tail, low wing, fuselage
oped mounted engines
Design6 | 7: forward sweep and | 5: geared turbofan with a high 6: large HLD's 4: forward sweep, | 6: high aspect ratio, low | 206

struts in compression

aspect ratio

high aspect ratio, strut
loaded in compression

wing, strut on top of the
wing, T-tail
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Mission Analysis

In this chapter, rst the mission pro le will be given in Section 5.1. Secondly, the functional breakdown will
be explained in Section 5.2 after with the functional ow will be given in Section 5.3. In Section 5.4, the
operations and logistics will be explained. Finally, in Section 5.5 the communication ow will be elaborated
on.

5.1. Mission pro le
This section rst shows the ight pro le diagram of the mission. Next, the payload range diagram is given.
Finally, the service ceiling of the aircraft is elaborated on.

5.1.1. Flight Pro le Diagram

The ight pro le diagram of the aircraft is depicted in Figure 5.1. The gure presents all expected ight phases
during normal operation of the aircraft and should be read from left to right. A typical mission starts with
taxiing using the EGTS. Upon arrival at the runway, the engines are started. The aircraft takes off and climbs
to aninitial ight level, 1,500 ft in this case. It then climbs out further to a ight level of 10,000 ft and holds for

a short while. It continues to climb to the cruise altitude of 39,000 ft (FL390). It then cruises at this altitude
for around 1,400 km.

After cruise, the descend 1 phase is started. This has the aircraft descend to sea-level. In case of an aversion,
the aircraft climbs from sea-level back to cruise altitude and cruises to an alternative airport at most 250 km
away. Here, it descends to 1,500 ft and loiters for 30 minutes. Finally, it descends back to sea-level and lands
The aircraft, shuts down its engines and taxis back to the gate using the EGTS.

Figure 5.1: Flight pro le diagram

16
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5.1.2. Payload-Range Diagram

The payload-range diagram is presented in Figure 5.2. It depicts ve main points, A, B, C, D and X. Point A
is the zero-fuel point. Here, the range is 0 km and the full payload capacity of 21,600 km is utilized. Point B
represents the maximum range at maximum payload, or harmonic range, this range equals 1,177 km. Point
X is the design point. The aircraft will be optimized for this combination of payload and range. The design
range equals 1,800 km at 20,375 kg of payload, or a loadfactor of 94%. Point C is the maximum useful range,
it equals 3,400 km at a payload weight of 18,047 kg. Finally, point D represents the ferry range. At this range
no payload is carried and the aircraft is fully fueled. The range at this point equals 6,254 km.

Figure 5.2: Payload-range diagram

5.1.3. Service Ceiling

As prescribed by CS25 [6] the service ceiling is de ned as the altitude at which the aircraft is not able to climb
with at least a rate of climb of 500 ft/min. In the simulation of the rate of climb as discussed in Subsection
8.1.5 an iteration was performed in order to obtain the theoretical service ceiling of the aircraft. From this
a theoretical service ceiling at 43,100 ft is obtained. The climb performance at this altitude can be seen in
Figure 5.3, from which it is clear that at the cruise speed a maximum service ceiling of 500 ft/min can be
reached. The discontinuity in the rate of climb graph is due to an empirical relation which is used to take into
account the effect of altitude and speed on the thrust. This relation changes after Mach 0.4 and hence the line
shows this kink. This relation and an explanation can be found in Section 8.1.5.

Figure 5.3: Unsteady rate of climb performance at sea level and the theoretical service ceiling
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5.2. Functional Breakdown

The Functional Breakdown (FB) outlines all the functions that the aircraft as a system needs to perform.
The diagram can be found in Figure 5.4. The FB breaks down the aircraft's top level functions, and details
functions at a lower level. This effectively illustrates the hierarchy of the different function levels. This is
further demonstrated by the identi cation numbering system. Top level functions are designated a one digit
number, while two digits separated by a full stop are indicative of a second level function, and three digits
indicate a third level function. Each level is also assigned a colour, to easily visualize.

It was decided that the total functions would be divided into two operations; aircraft operations and auxiliary
operations. The aircraft operations outline all of the functions that the aircraft must be capable of performing
in anormal ight cycle. This includes everything from pre- ight preparations to post- ight activities.

The auxiliary operations encompasses functions that are not necessary for a typical ight cycle, but must be
performed in atypical circumstances. This includes emergency situations and maintenance operations. The
maintenance routine consists of aircraft checks and repairs and is further detailed in Subsection 8.4.2. The
emergency operations consist of fuel dumping, emergency landing and evacuation of passengers.

Having outlined and broken down the basic functions of the aircraft, it is possible to determine the systems
and subsystems required to perform these functions. For example, the high lift devices ( aps and slats) can
be analyzed and sized. Furthermore, the ight performance analysis in Chapter 8 ensures that all functions
outlined in the Functional Breakdown are addressed and are effectively integrated into the total system.

5.3. Functional Flow

The Functional Flow Diagram (FFD) presents the chronological ordering of the functions that the aircraft
must perform from the start to the end of a typical ight cycle. These functions are consistent with those
present in the FB. Top and second level operations are presented in Figure 5.5, while some second level op-
erations are further detailed in Figure 5.6. In green, denoted by a single digit, are the highest level functions,
which essentially outline the different phases of a ight cycle. In yellow, denoted by two digits separated by

a full stop, the functions performed in each phase of the ight cycle are shown. Finally, the third and most
detailed function level describes how a function from the second level is executed. The identi cation num-
bering system and colours used are again consistent with the FB.

Some functions are separated by 'and' and 'or' junctions. At an 'and' junction, two or more functions are to
be performed. At an 'or' junction, only one of the listed functions is to be performed. An 'or' junction is used
where decisions are made. It is used either because only one function can be performed at a time (ie. loading
cargo from front to back or back to front), or due to an atypical circumstance (ie. Avert or Land). These
decisions are made according to the circumstance, and thus the aircraft must be designed to adequately
accommodate both situations.
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