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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
3r d 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 (ICAO)
and other international bodies have set CO2 emission targets. These targets are outlined in ICAO Annex 16,
Volumes I and II, and include for example, a 2% annual increase in fuel burn efficiency [4]. This demonstrates
the need for improved efficiencies 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 flight data1. This
data set is taken from 12 days between May 2016 and February 2017. For each flight, 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 flights.

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 Book2. 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

Aircraft Type A319 A320 A320neo A321 B737-900
B737-800
MAX 8

B737-700
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 files 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
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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 configuration.
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 5.

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 five 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 defined 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 flow through a central flight computer. The
computer runs several applications in order to process all data in an adequate manner. The central flight
computer is actually a group of three computers. One handles all data for the captain, one handles all data
for the first officer and the third computer serves as a redundant back-up solution.

4This has been determined in Section 2.3
5https://www.statista.com/statistics/197689/us-airline-fuel-cost-since-2004/ [cited 9 May 2018]

https://www.statista.com/statistics/197689/us-airline-fuel-cost-since-2004/
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Final Design Characteristics
Class II Weight Estimation
Using the data gathered from the class I weight estimation and additional geometrical parameters, a class
II 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 final weight estimation. The results
from this can be seen in Table 4.

Table 4: Class II weight estimation in kg

Wing Fuselage
Landing

Gear
Empennage Propulsion Nacelle

Equipment
&

furnishing
OEW/MTOW

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 m2 was obtained.
With an aspect ratio of 14 and taper ratio of 0.29, the wing planform was established.

After determining the design lift coefficient 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 coefficient and a large maximum lift coefficient, the NASA SC20-612 airfoil was chosen.

The aerodynamic behaviour of the finite wing was analyzed to determine the leading edge sweep angle of
32.9°. The lift slope in cruise conditions was determined to be 5.89 rad−1 using the datcom method. In cruise,
it reaches a maximum lift coefficient 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 flow control system which enables lam-
inar flow 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 configuration, the zero-lift drag coefficient equals 0.0131.
The lift induced drag was analyzed in order to obtain the drag polar. Here, the Oswald efficiency 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 CLmax of 2.2 in take-off and 2.9 in land-
ing. Double slotted fowler flaps and slats where selected. Their size and position was determined. The slats
occupy the space between 15% and 69% of the half-span. The flaps 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 deflection 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 fulfilling 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 satisfies 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 fit into the belly fairing,
but also that the scrapeback angle requirement is met.

Structural Characteristics
In order to design the structure of the fuselage, first, shear and moment diagrams were made to find 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 first 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.



Executive Overview xi

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, first 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 specific parts of the
aircraft out of specific 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 first 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] xcg [m] M [kg ·m]
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 final 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 m2.

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

Empennage Design
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 m2, a taper of 0.33 and an aspect ratio of 4. This brings the span to
9.61 m. The mean aerodynamic chord is determined to be 2.61 m.

The vertical tail will have a surface area of 21.6 m2, 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 - xLGn 4.5 m
dint 3.68 m tskin 1.0 mm xLGm 21.4 m
hcabin 2.19 m nstring 83 - track width 6.49 m
wcabin 3.61 m Structures: wing height 1.50 m
lcabin 34.40 m material QI CFRP - tipback angle 15.0 deg
wcargo 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 - fuelmax 12,161 kg
S 110 m2 lstrut 7.27 m payloadmax 21,600 kg
A 14 - t/c 21 % crew 694 kg
lambda 0.29 - c 45.1 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 sufficient 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 −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 flight controls. It also provides
power for deploying and retracting the landing gear, flaps, 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 flight 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 final 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 defined in the take-off performance

Speed Determined from Value [kts]
VSto (stall speed) - 131
VLOF (Lift off speed) 1.1 ·VSto 144
V2 1.2 ·VSto 157

Table 8.5: Speeds as defined in the landing performance

Speed Determined from Value [kts]
VSland (stall speed) - 109
VA (Approach speed) 1.3 ·VSland 141
VF (Average Flare speed) (1.15+1.3) ·VSland /2 133
VTD (Touch-down speed) 1.15 ·VSland 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 certification, 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 NASA’s ANOPP noise prediction method, which takes into
account the noise generated by the wing, the tailplanes, flaps, 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
flight 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 deficiencies. 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
specific fuel consumption (TSFC) during climb. Looking at the relation between the bypass ratio and TSFC, a
regression line was obtained with an R2 of 0.8872. From extrapolation a TSFC during climb of 6.692 mg/N/s
was found6, which led to a cjTO of 1.425 kg/s. Using fuel consumption ratios statistically obtained for a thrust
output of 213

2 = 106.5 kN, a cjCR of 1.171 kg/s and a cjAP of 0.412 kg/s was found.

From the obtained engine fuel consumption the CO2 emissions of the aircraft could be determined using the
fuel consumption, emission index and the time spent in a flight phase. For a flight of 1806 km, 30,657 kg of
CO2 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.

6This number had been confirmed 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 CO2 emitted in a flight 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 flow 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 fitted 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 flight
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
inflation 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: An incorrect 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 flight 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 verification 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 financial 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 final assembly and painting all the way to flight 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 refining the preliminary design and making a detailed design, next the certification
process must be gone trough. After that, the aircraft has to be manufactured, assembled and test flown 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 finished 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 configuration, an aspect ratio of 14 is attained. The result is a
smaller, more efficient 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 specific 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 efficiency.

Taking all technological advancements into account, the TU-ecoliner promises 17% reductions in CO2 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 refine the
design. With the future of aviation specifically 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
profile. Finally, a detailed operational analysis will establish the TU-ecoliner as a truly viable option for the
future of clean flying.



1
Project Objectives

Nowadays, the International Civil Aviation Organization (ICAO) and other international bodies set CO2 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 efficiencies 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
A third 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.

1



2
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. Specific attention will be payed to inter-
European routes. Identifying 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. Specific metrics such as passen-
ger capacity, range, take-off length and direct operating costs will be determined, and stakeholders will be
identified to develop a series of aircraft requirements in Chapter 3.

2.1. High Demand Routes
A significant area of interest in the current market is the identification 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 identified.

The average distance flown 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 pairs1 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 present in
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 significant
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 significant demand for this aircraft type in the future.

1http://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]

3https://www.theguardian.com/commentisfree/2016/oct/28/eurostar-exile-europe-brexit-britain-relationship_
france [cited 8 May 2018]
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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 identified that European carriers, especially LCCs, are increasing the seat capacity on their flights [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
configuration 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 efficiencies, in order to
yield sufficient 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
efficiency [4]. This goal is a response to the UN 2030 Agenda for Sustainable Development.

2.3. Aircraft Range
For the range determination, a data set5 of twelve different days was used, with each day containing a list
of every flight 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 traffic throughout the year.
The ranges of 20,000 flights 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 flown most
frequently, supporting the findings of Section 2.1. From the data set, it can be deduced that in order to cover
90% of flights, on average6 a range of around 1,800 km is needed.

Figure 2.1: Range distribution functions of inter-European flights 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%.
4http://corporate.easyjet.com/corporate-responsibility/environment [cited 30 April 2018]
5These data files 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% flight 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 Book7 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 m8 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 costs9. However, crude oil prices
are expected to increase from 63$ a barrel to around 85$ a barrel in 202510. 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 fixed 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 flying hour for comparable sized aircraft. Where
flying hour is the time between take-off and landing11. 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 (flying hours) is insufficient.

7https://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]
9https://www.icao.int/MID/Documents/2017/Aviation%20Data%20and%20Analysis%20Seminar/PPT3%20-%20Airlines%
20Operating%20costs%20and%20productivity.pdf [cited 1 May 2018]

10https://www.thebalance.com/oil-price-forecast-3306219 [cited 8 May 2018]
11https://www.transtats.bts.gov/Fields.asp [cited 9 May 2018]

https://www.cia.gov/library/publications/the-world-factbook/fields/2030.html
http://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm
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https://www.icao.int/MID/Documents/2017/Aviation%20Data%20and%20Analysis%20Seminar/PPT3%20-%20Airlines%20Operating%20costs%20and%20productivity.pdf
https://www.thebalance.com/oil-price-forecast-3306219
https://www.transtats.bts.gov/Fields.asp


2.6. Technical SWOT Analysis 5

Table 2.1: Direct operating cost distribution of 9 reference aircraft of 2017

Cost per flying hour (USD/h)
Aircraft Fuel

& Oil
Maintenance Crew Depreciation Rental Insurance Other TOTAL

Flying
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
MAX 7

1,625 900 1,195 291 174 9.51 0.05 4,020 1,828

B737
MAX 8

1,683 214 1,155 413 20 10.10 0.00 3,475 10

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 influence on but
do have an influence on its commercial performance and operations.

Table 2.2: Technical SWOT analysis

Helpful Harmful

In
te

rn
al Strengths

- Fuel saving because of lower design range
- Lower direct operating cost
- Lower emissions
- Higher payload capacity than average
inter-European flights

Weaknesses
- Small range (so less flexibility)
- Required take-off length
- Required airport analysis

E
xt

er
n

al Opportunities
- Growing aviation market
- Need to make aviation more sustainable
- Increased inter-European migration
flows (international labor market)

Threats
-Lot of knowledge and facilities in hands of current
oligopoly market making semi-homogeneous
products → difficult to compete
- Stronger (environmental) regulations
- Increased aviation taxes/charges

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 find 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 USD12.
As the aircraft will not enter service for another 15 years the aircraft price will be expressed in fiscal year 2018.
This enables the sales team to take inflation 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.

12http://www.airbus.com/newsroom/press-releases/en/2018/01/airbus-2018-price-list-press-release.html [cited
1 May 2018]

http://www.airbus.com/newsroom/press-releases/en/2018/01/airbus-2018-price-list-press-release.html
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2.8. Stakeholders
The following five groups have been identified as stakeholders due to their interest or involvement in this
aircraft’s development program. Each stakeholder has requirements which must be defined 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 final
product. They (may) have different interests that flow down into requirements, generally putting constraints
on the design. The interests and considerations of airlines may be summarized as follows13.

• 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 profit.
• The internal fuselage arrangement, which results in a passenger capacity, is also of major importance

for airlines. It has a big influence on the profit 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 (Vcruise) have a high priority for airlines.
• For an airline, the environmental impact of its fleet is important. Airports charge landing charges which

contain noise and emissions charges, depending on the noise and emissions level of the aircraft14.
• The general flight performance of aircraft is of interest to the operating airline, as this determines the

efficiency of the aircraft and passenger comfort, among others. A special category within flight per-
formance is the take-off and landing performance, flowing 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 findings 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]

https://www.easa.europa.eu/eaer/topics/market-based-measures/airport-charging-schemes
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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 certification and has to be redesigned, hence authorities are important stakeholders.
This regulatory function is performed by the European Aviation Safety Agency (EASA)15. This agency has
multiple certification specifications, where CS-25 is specifically 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 I [18]. Certification
requirements on engine emissions are also specified by ICAO in Volume II of this Annex [19]. These emis-
sions are: unburned hydrocarbons (HC), carbon monoxide (CO), oxides of hydrogen (NOx) and smoke.
Reference times and thrust settings are defined 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 influence 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 flight experience. The first factor: ’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 fulfilled. Factor number five: ’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 final factor: ’Association’ involves evoking familiar memories and
symbolism.

2.8.4. Manufacturers
The manufacturer is defined 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 specifically
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 certified environmental or quality management system manage
approximately 80% of European air traffic 16. Most of these measures aim to reduce the aircraft’s 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 final 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.

15https://www.easa.europa.eu/the-agency/the-agency [cited 2 May 2018]
16https://www.easa.europa.eu/eaer/topics/airports [cited 3 May 2018]
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3
Requirements

The requirements chapter shall firstly present the user requirements. Thereafter, the user require-
ments that are not specified in enough technical detail are further specified 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 identified 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 configuration.
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 II [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. Specified Product,System and Subsystem Requirements
Following from the user requirements, the product (complete aircraft) requirements are specified in technical
terms and further specified for each system and subsystem. These requirements are presented in Table 3.2

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

ID Requirement
Product Requirements

Pre-flight 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 flight 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/m2.
HF-SYS-WING-02 The optimum CL at clean configuration 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 provide a ∆CLmax of 1.55 at 50 degrees deflection.
HF-SYS-WING-HLD-2 The margin between the beginning of the flaps 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 specified 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 coefficient 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 floor shall be level during cruise.
HF-SYS-FS-FL-0l’ The cabin floor 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 flight 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 flight 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 identified. 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 specific strength, specific weight, fatigue resistance and
elasticity constrains the material selection.

Fuel type The fuel specific energy, mass density, amount of net CO2 emissions produced due
to fuel production and burn per MJ and the cost.

Engine technology The maximum thrust, specific fuel consumption, noise and fan size.
Non-technical

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

Schedule A conceptual design shall be finished 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 II [19].



4
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 first 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
engines

Figure 4.2: Concept 2 - Double-bubble fuselage with ultra high
bypass ratio engines

Figure 4.3: Concept 3 - High aspect ratio, strutted wing with
circular fuselage and intercooled turbofan engines

Figure 4.4: Concept 4 - High aspect ratio, strutted wing with
non-circular flattened 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
and propfan engines shielded by a U-tail

Figure 4.6: Concept 6 - High aspect ratio, forward swept, strutted
wing circular fuselage and geared turbofan engines

4.1.2. Trade-off Criteria
The design team has identified five main trade-off criteria upon which each of the six recommended designs
will be judged. The specified 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 final product. It is primarily based of the
technology readiness level (TRL), as specified by NASA1.

• Emissions: Emissions will be scored on the fuel efficiency of the engines. It is evident that if the engines
are more fuel efficient, 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 efficient aircraft.
Since a lower fuel efficiency 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 efficiency and lower overall emissions. As the aerodynamic performance directly influences 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 final 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.

1https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html [cited 22 May 2018]

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html
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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 specified range. The exact range
is specified 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 final
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 significant 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 configura-
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.
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Table 4.2: Trade-off table

Development cost (7) Emissions (9) Noise (6) Weight (7) Aerodynamic perfor-
mance (8)

Total (in-
cluding
weights)

Design 1 9: low development
cost. Iteration on
current aircraft.

5: geared turbofan and
medium aspect ratio

6: regular geared
turbofan

9: small tail, medium
aspect ratio

4: medium aspect ratio, low
wing

239

Design 2 5: new fuselage and new
engine option

7: ultra high bypass ratio but
large frontal area

9: ultra high bypass
ratio, no HLD’s, low
wing so short land-
ing gear

3: large tail, non-
circular fuselage, T-tail,
medium aspect ratio

3: medium aspect ratio,
large frontal area, T-tail

206

Design 3 8: only new engine to be
developed

6: intercooled turbofan 5: no gearing in the
engine

8: circular fuselage,
high aspect ratio but
strutted wing

8: slender fuselage, high as-
pect ratio, T-tail

269

Design 4 7: new non-circular
fuselage

8: ultra high bypass ratio and
slender fuselage

8: ultra high by-
pass ratio engine but
fairing required for
landing gear

5: non-circular fuse-
lage, high aspect ratio
but strutted wing

9: high aspect ratio, high
wing, slight smaller frontal
area. than circular fuselage

276

Design 5 5: very new engine op-
tion still to be devel-
oped

10: propfan engine 4: open blades 4: cantilevered high as-
pect ratio wing

7: high aspect ratio, U-
tail, low wing, fuselage
mounted engines

233

Design 6 7: forward sweep and
struts in compression

5: geared turbofan with a high
aspect ratio

6: large HLD’s 4: forward sweep,
high aspect ratio, strut
loaded in compression

6: high aspect ratio, low
wing, strut on top of the
wing, T-tail

206



5
Mission Analysis

In this chapter, first the mission profile will be given in Section 5.1. Secondly, the functional breakdown will
be explained in Section 5.2 after with the functional flow 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 flow will be elaborated
on.

5.1. Mission profile
This section first shows the flight profile 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 Profile Diagram
The flight profile diagram of the aircraft is depicted in Figure 5.1. The figure presents all expected flight 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 an initial flight level, 1,500 ft in this case. It then climbs out further to a flight 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 profile diagram

16
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5.1.2. Payload-Range Diagram
The payload-range diagram is presented in Figure 5.2. It depicts five 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 defined 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 identification 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 a normal flight cycle. This includes everything from pre-flight preparations to post-flight activities.
The auxiliary operations encompasses functions that are not necessary for a typical flight 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 (flaps and slats) can
be analyzed and sized. Furthermore, the flight 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 flight 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 flight cycle. In yellow, denoted by two digits separated by
a full stop, the functions performed in each phase of the flight cycle are shown. Finally, the third and most
detailed function level describes how a function from the second level is executed. The identification 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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Figure 5.4: Functional Breakdown
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Figure 5.5: Functional Flow Diagram
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Figure 5.6: Functional Flow Diagram (low level)
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5.4. Operations and Logistics
Figure 5.8 presents the typical ground operations that the aircraft undergoes during a typical flight. It starts
with the landing and ends at take-off. For the most part, the ground operations are similar to those performed
for a typical inter-European flight operated today. The operations do vary on two critical points.

First, the aircraft will use an electric green taxiing system (EGTS)1 2 3, which allows the aircraft to taxi without
having the engines running. However, the EGTS does require additional power which will be provided by
means of an electric cart to be connected when exiting the runway. Moreover, when the aircraft reaches the
gate, it is connected to the auxiliary ground power. This will also charge the electric cart. When the aircraft
leaves the gate, ground power is disconnected and power to the aircraft and the EGTS will be provided by the
electric cart again. Just before take-off, the engines are started and the cart is disconnected. The aircraft then
takes off using its regular engine power.

Secondly, due to the removal of the APU, the aircraft relies heavily on the ground power and air supply. It is
therefore critical that these are connected at all times when the aircraft is at the gate. These tasks have also
been included in Figure 5.8.

5.5. Communication Flow
In the communication flow diagram, the flow of data through the system and the environment is shown. From
Figure 5.9 it can be seen that all systems are connected and communicate via the computers. For example,
the pilot operates the flight controls, but these are not directly linked to the control surfaces. First a signal
goes to the computer, which in turn moves the actuator. Furthermore, the aircraft entails 3 individual systems
as can be seen in Figure 5.7, each containing the computers from Figure 5.9. The captain and first officer both
have their own system with own input in case a complete failure occurs on one of the systems or in case the
input data from a measurement device, such as the Pitot tube for example, is wrong. This way, each system
gets data from their own measurement device. There also is a third redundant system in case of complete
failure of system 1 and 2. In case of an error, the pilot can also press the reset button and restart the system,
while the other systems are still operational. Moreover, Figure 5.9 makes a distinction between hardware and
software systems. Hardware systems are indicated by a red box while software is indicated using a green box.

Figure 5.7: General Computer System with redundancy

1https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%
2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell [cited 16 May 2018]

2https://www.flightglobal.com/news/articles/farnborough-honeywell-and-safran-halt-electric-tax-427400/
[cited 16 May 2018]

3https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%
2Delectric%2Dtaxiing%2Dsystem%2Dairlines [cited 17 May 2018]

https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell
https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell
https://www.flightglobal.com/news/articles/farnborough-honeywell-and-safran-halt-electric-tax-427400/
https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
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Figure 5.8: Operations and logistics diagram
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Figure 5.9: Communication flow diagram (hardware is red, software is green)



6
Final Design Characteristics

This chapter focuses on presenting all aspects of the final design. It has been subdivided into ten sections.
First, Section 6.1 will present the Class II weight estimation. Next, Section 6.2 will focus on the aerodynamic
design and analysis of the aircraft. Section 6.3 is dedicated to the design and positioning of the landing gear.
Moreover, Section 6.4 presents the structural layout of the aircraft, while Section 6.5 explains the material
choices for the aircraft. The propulsion system is presented in Section 6.6, followed by the stability and con-
trol analysis in Section 6.7. The empennage design will be discussed in Section 6.8. The internal configuration
is layed out in Section 6.9. Finally, a summary and overview of the final design is presented in Section 6.10.

6.1. Class II Weight Estimation
In this section, the Class II weight estimation will be elaborated on. First, the methods used will be explained.
Later, the results will be provided. Finally, the methods that were used and the results that have been found
will be verified and validated.

6.1.1. Methodology
To perform the Class II weight estimation, two methods were used. The first method that was used was the
method by Torenbeek [22]. This method splits the aircraft weight in 13 groups: ’wing’, ’fuselage’, ’landing gear’,
’empennage’, ’propulsion’, ’nacelle’, ’flight controls’, ’instruments’, ’hydraulics and pneumatics’, ’electrics’,
’avionics’, ’equipment and furnishing’ and ’air conditioning and anti icing’. Each of the groups has a specific
formula to calculate the group weight based mainly on statistical data and simple geometry. These formu-
lae were implemented into a python tool in order to compute the weight for each group.These results were
summed to calculate the OEW. This was added up with the fuel weight and payload to compute the MTOW.

Later on, also the method of Roskam [23] was computed. This method splits the aircraft into seven compo-
nent groups: ’wing’, ’fuselage’, ’landing gear’, ’propulsion’, ’nacelle’ and ’equipment and furnishing’. Because
both methods have different groups, a good comparison is not possible. Therefore, the groups that Torenbeek
defines as ’flight controls’, ’instruments’, ’hydraulics and pneumatics’, ’electrics’, ’avionics’, ’equipment and
furnishing’ and ’air conditioning and anti icing’ are all summed into the goup ’equipment and furnishing’ in
order to make a comparison possible. The formulae for the different groups were implemented into a python
tool and the weights were computed and summed to form the OEW. From this also the MTOW was calculated.

6.1.2. Results and Comparison
In Table 6.1 the results of both methods can be seen. It can be seen that the two methods that are used
differ quite significantly. Comparing the values for the MTOW to the value from the Class I weight estimation
(69,176kg) it can be seen that the method by Torenbeek [22] is larger than this value and the method by
Roskam [23] is smaller than this value. The question that must be asked is where this difference comes from.
It can be observed that for all groups, the Torenbeek value is bigger than the Roskam value except for the
’equipment & furnishing’ group. An explanation for this could be that the method from Torenbeek is a bit
older than the method from Roskam. Over the last decades, significant innovation has been made in the
aviation field. Therefore, older methods can yield heavier structures. The biggest difference in weights is
the fuselage group. This could be explained by the fact that different aspects have been taken into account.
Below, Equation 6.1 is used in the Roskam method, while equations 6.2 and 6.3 are used in the Torenbeek
method.

25
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As can be seen from Equation 6.1, the Roskam method does not take into account the tail or nose cone. It is
merely a function of basic fuselage dimensions, dive pressure, a scaling factor for fuselage podded engines
and a factor of the maximum take-off weight. The equations Torenbeek uses are more detailed and are in
function of tail and nosecone fineness, dive speed, a scaling factor and a bit more detailed fuselage dimen-
sions. After the structural designing had been performed, it is seen that the Torenbeek method is closest to
the actual value for an aluminum fuselage. This will be further explained in Section 6.4.

Because the different methods take into account different parameters and factors that are all relevant to the
design, it was decided to take the two methods and average them. This gives a reasonable average because
one of the methods has the tendency to be larger and the other has the tendency to be smaller. This average
is also presented in 6.1. It has to be noted that the two different methods have some different component
groups. The Roskam method has a group ’equipment and furnishing’ which corresponds to the Torenbeek
component groups ’flight controls’, ’instruments’, ’hydraulics and pneumatics’, ’electrics’, ’avionics’, ’equip-
ment and furnishing’ and ’air conditioning and anti icing’. To calculate the average, these are all added up
and taken as the ’equipment and furnishing group’. With adding up all the groups, the operational empty
weight can be calculated. Summing this with the maximum payload weight of 20,375 kg and the fuel weight
of 9,530 kg gives the maximum take-off weight. Finally, it should be noted that the OEW includes a crew of 2
pilots and 5 cabin crew.

Table 6.1: Class II weight estimation component group weights in kg

Method Wing Fuselage
Landing

gear
Empennage Propulsion Nacelle

Flight
controls

Torenbeek 8,745 13,287 1,857 1,333 7,414 999 793
Roskam 6,569 7,118 2,225 1,218 5,355 334 /
Average 7,657 10,203 2,041 1,275 6,385 667 /

Method Instruments
Hydraulics

&
pneumatics

Electrics Avionics
Equipment

&
furnishing

Air
conditioning

&
anti icing

OEW / MTOW

Torenbeek 228 402 907 1,020 4,357 666 42,008/71,914
Roskam / / / / 11,458 / 34,278/64,182
Average / / / / 9,916 / 38,143/68,048

6.1.3. Verification and Validation
In order to verify the tool used for the Class II weight estimation, two programs were made separate from
each other. In the end, the two were compared and the differences analyzed. With this, the mistakes were
corrected until they had the same outcome.

The Class II weight estimation is performed using two of the most established weight estimation methods
in the industry, namely by Roskam [23] and Torenbeek [22]. Therefore, validating these methods is not really
necessary. However, because the two methods yielded different results, investigation into this was performed.
Mr. Torenbeek was consulted to discuss the results and he referred to a phd thesis [24] where the method was
used to perform a Class II weight estimation and where also the actual data of the airplane is presented. The
errors of this method are also discussed and seven out of nine component groups have errors within 6%.
Therefore the method is considered to be valid.
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6.2. Aerodynamic Characteristics
The aerodynamic characteristics are layed out in the upcoming eight subsections. The wing planform will
be presented in Subsection 6.2.1. The airfoil selection is presented in Subsection 6.2.2. The airfoil selec-
tion is then transformed into a finite wing and analyzed in Subsection 6.2.3. A full overview of the hybrid
laminar flow control system is provide in Subsection 6.2.4. Subsection 6.2.5 explains the drag analysis. The
aerodynamic moment is determined in Subsection 6.2.6. Furthermore, the design of the high lift devices is
elaborated upon in Subsection 6.2.7. Finally, the aileron design is presented in Subsection 6.2.8.

6.2.1. Wing Planform Design
The preliminary wing surface area will be determined using the T/W-W/S diagram as presented in Figure 6.1.
In this figure the design is indicated by the black triangle, reference aircraft are indicated by the pink dots. It
was decided to aim for a CLtake−off of 2.0 and a CLland of 2.2, in order to limit the size, weight and complexity
of the high lift devices. Using these constraints and the respective design point, the wing surface area was
determined to be 128 m2.

After careful consideration of the design and the landing and take-off performance, as presented in Section
8.1, it was decided to further optimize the wing surface area and maximum lift coefficients in landing and
take-off configuration. As further explained in Section 8.1, a design iteration was performed. This iteration
resulted in a CLmax,take−off of 2.2, a CLmax,landing of 2.9 and a reduced wing surface area of 110 m2. The increased
maximum lift coefficients in landing and take-off do result in more complex and heavier high lift devices,
however the wing surface area has been reduced with 18 m2. This has also resulted in a higher wing loading
of 6,049.6 N/m2, which is more in line with the reference aircraft presented in the plot.

Figure 6.1: Thrust loading and wing loading diagram

In the Midterm Report [1], an aspect ratio of 14 was chosen for the recommended design. This is one of the
key drivers in this design for greater fuel efficiency. Furthermore, the aircraft will feature a straight tapered
wing design with a taper ratio of 0.29 in order to approximate the optimal elliptical lift distribution to the
greatest extend possible. This also takes the difficulty of manufacturing into account. A taper ratio of 0.29 is
in line with reference aircraft.

With the wing surface area, aspect ratio and taper ratio determined, the full straight tapered wing planfrom
can be developed using Equations 6.4 to 6.7 for the trapezoidal wing. The results of which are presented in
Table 6.2.
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Table 6.2: Wing planfrom parameters

Parameter Symbol Value Unit
Wing surface area S 110 m2

Aspect ratio A 14 -
Taper ratio λ 0.29 -
Span bw 39.24 m
Root chord cr 4.34 m
Tip chord ct 1.26 m
Mean aerodynamic chord MAC 3.08 m

6.2.2. Airfoil Selection
The airfoil used for the cross-sectional shape of the wing is chosen based mainly on the required lift coef-
ficient during cruise conditions. The drag of the airfoil should be as low as possible in this condition. The
design lift coefficient of the wing is calculated using Equation 6.8 [25]. This equation averages the weight at
the start and end of cruise to take into account the effect of fuel burn.
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The factor 1.1 is used to compensate for the negative lift generated by the tail. This resulted in a CLdeswing
of

0.73. And a CLdes of 0.66 for the entire aircraft. Taking into account the effect of wing sweep, the design lift
coefficient of the airfoil can then be determined using Equation 6.9. Because the final sweep angle can only
be determined after the airfoil is chosen, the sweep angle Λ used in this equation is only an initial estimate
calculated using the wing planform parameters of Table 6.2.

cldes
=

CLdeswi ng

cos(Λ)2 (6.9)

Note that this value is calculated for a Mach number of 0.79. Airfoil data is usually obtained at low Mach
numbers. In order to select an airfoil, the design lift coefficient must be known for a low Mach number. This
can be estimated using the Prandtl-Glauert compressiblity corrections given by Equation 6.10.

cldes,M=0
= cldes

√
1−M 2

cr (6.10)

This resulted in a design airfoil lift coefficient of 0.6. Several airfoils have been selected that have low drag at
cl = 0.6. They have been compared based on the following criteria:

• The airfoil shall have minimum drag at cldes .
• The airfoil shall have a wide drag bucket around cldes .
• The airfoil shall have the largest possible clmax .
• The airfoil shall not have a sharp drop in cl after stall.
• The critical Mach number shall be as high as possible.
• The cm at cldes shall be as low as possible.
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The airfoils have been analyzed using the panel method software XFLR5. This tool plots the lift curve, drag
polar, pitching moment curve, and pressure distribution of an airfoil using the Reynolds number as input.
The Reynolds number during cruise was determined to be 13,500,000 using Equation 6.11. The resulting lift
curve and pitching moment curve of the analyzed airfoils are shown in Figures 6.2 and 6.3. Due to limitations
of XFLR5 in viscous flow, the results at high angles of attack may be inaccurate and overestimate the clmax .
However it can still be used to analyze how the airfoils behave compared to each other.

The critical Mach number is determined using Equation 6.12 and Equation 6.13 [26]. In Equation 6.12, Cp,0

is the pressure coefficient at the point of minimum pressure at zero Mach number. This equation calculates
the pressure coefficient at Mach numbers in the subsonic range. Equation 6.13 yields the critical pressure
coefficient as function of critical Mach number. Using these equations two lines of pressure coefficients
against Mach number can be plotted. The point of intersection determines the value of the critical Mach
number. The results of the analysis are presented in Table 6.3. It contains three NACA 6-digit series airfoils
and six NASA supercritical airfoils.

Re = V cos(Λ)ρc̄

µ
(6.11)

Cp = Cp,0√
1−M 2∞

(6.12)

Cpcr =
2

γM 2
cr i t

(
1+ γ−1

2 M 2
cr i t

1+ γ−1
2

) γ
γ−1

−1

 (6.13)

Table 6.3: Airfoil data from XFLR5 analysis at Re = 13,500,000

Airfoil name
NACA
643618

NACA
633618

NACA
632615

SC
20612

SC
20614

SC
20610

SC
20712

SC
20714

SC
20710

t/c 0.18 0.18 0.15 0.12 0.10 0.10 0.12 0.14 0.10
cldes 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7
αdes [deg] 0.121 0.24 0.36 0.678 0.475 0.908 -0.117 -0.38 0.051
Wide drag bucket No No No Yes Yes Yes Yes Yes Yes
cd@cldes 0.005 0.006 0.007 0.006 0.006 0.006 0.006 0.007 0.006
clmax 1.67 1.64 1.76 2.36 2.4 2.34 2.38 2.43 2.36
cdmin 0.005 0.005 0.005 0.006 0.006 0.006 0.006 0.007 0.006
cm@αdes 0.119 0.116 0.115 0.116 0.121 0.110 0.131 0.143 0.128
Sharp drop in cl

after stall
No No No No Yes Yes No No Yes

Mcrit 0.687 0.688 0.687 0.663 0.665 0.639 0.677 0.680 0.675
Cpmin @αdes -1.000 -0.990 -1.000 -1.177 -1.163 -1.358 -1.073 -1.043 -1.087

From the Table 6.3 it is clear that the supercritical airfoils all have better clmax values than the NACA airfoils.
The NACA airfoils have lower minimum drag coefficients, but they do not have a wide drag bucket around
cldes . Comparing the supercritical airfoils, the SC20-614, SC20-610, and SC20-710 have a sharp drop in lift
coefficient after stall. Therefore, these airfoils were discarded from the trade-off. Of the remaining three
airfoils, SC20-714 was discarded, because it has the highest drag coefficient at cldes . Finally it was decided that
SC20-612 has the most favourable characteristics in terms of drag, maximum lift, and moment coefficient,
although the critical Mach number is slightly lower than for the SC20-712. Thus, SC20-612 was selected to
use as airfoil in further wing analysis. The SC20-612 is shown in Figure 6.4 with the pressure distribution at
the angle of attack at cldes . The curves corresponding to this airfoil are marked in red in Figures 6.2 and 6.3.
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Figure 6.2: Lift slope curve cl −α comparison of airfoils, Re = 13,500,000, M = 0

Figure 6.3: Pitching moment curve cm −α comparison of airfoils, Re = 13,500,000, M = 0
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Figure 6.4: Pressure distribution of the SC20-612 airfoil at α = 0.678 ◦, Re = 13,500,000, M = 0

In reality, the wing will have different types of airfoils at different sections of the span. This is because each
section requires specific airfoil characteristics for optimal performance. For example, at the root a thicker
airfoil is needed for high torsional stiffness and at the tip the airfoil should have gradual stall characteristics.
Therefore, the selected airfoil is the average shape of the continuously changing airfoil along the span.

6.2.3. Finite Wing Analysis
Now that the NASA SC20-612 airfoil has been selected, it can be further developed into a full wing with the
parameters specified in Table 6.2. This section will focus on determining the sweep angle and lift-curves. As
stated in Table 3.1, the aircraft shall be able to cruise at Mach 0.79 and the maximum operating speed shall
be Mach 0.82. However, the SC20-612 airfoil has a critical Mach number of just 0.663. Consequently, a sweep
angle is required in order to bring our critical Mach number to 0.79. Assuming that the drag divergence Mach
number (MDD) is 4% higher than the critical Mach, the MDD will equal 0.821. This means that the aircraft
complies with both requirements. In order to achieve a Mcrit of 0.79 a leading edge sweep angle of 32.9° is
required. This was determined using Equation 6.14. The value for quarter chord sweep can be obtained
using Equation 6.15 and is calculated to be 31.3°.

ΛLE = cos−1
(

Mcr i t ,ai r f oi l

Mcr

)
= cos−1

(
0.663

0.79

)
(6.14)

Λ0.25C = t an−1
(

t an(ΛLE − 4

A

[
0.25 · 1−λ

1+λ
])

(6.15)

The lift curves for the wing are determined in two different regimes. First, the lift curve slope will be analyzed
in cruise condition with a clean configuration. Hereafter, the lift will be analyzed at sea level conditions with a
Mach number of 0.2 in clean configuration. The effect of high lift devices and/or the landing gear will be ana-
lyzed in Subsection 6.2.7. The value of CLα was evaluated using Equation 6.16, based on the Datcom method
[27]. Where β is the Prandtl-Glauert compressibility correction factor given by Equation 6.17 and Λ0.5C is
the half-chord sweep angle given by Equation 6.18. Moreover, the airfoil efficiency factor, κ, is approximated
using Equation 6.19 [27] at 0.911.

dCL

dα
=CLα =

2πA

2+
√

4+
(

A·β
κ

)
·
(
1+ t an2Λ0.5C

β2

) (6.16)

β=
√

1−M 2∞ (6.17)
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Λ0.5C = t an−1
(

t an(ΛLE − 4

A

[
0.5 · 1−λ

1+λ
])

(6.18)

κ= clα

2π
(6.19)

Using these equations, the lift curve slope in cruise conditions with a clean configuration is estimated to
be 5.89 rad−1. This value is very close to the theoretical maximum value of 2π or 6.28. Therefore, it can be
concluded that the designed wing is very efficient. In sea level conditions with an airspeed of 0.2M and a clean
configuration, the lift curve slope is estimated to equal 4.69 rad−1. Using the CLα values, the lift coefficient at
any arbitrary angle of attack can be calculated using Equation 6.20 [28]. Where, α0L is the zero lift angle of
attack which is the same for the full 3-D wing as for the airfoil, -3.82°.

CL =CLα (α−α0L) (6.20)

Using the slope of the lift curve, the trim angle of attack in cruise can be calculated using Equation 6.21 [28].
The average trim angle during cruise is estimated to be 3.3°. In order to increase passenger comfort and have
the aircraft fly level as much as possible, the wing will be placed at an incidence angle equal to the trim angle
in cruise. The incidence angle will therefore also equal 3.3° set between the cabin floor and the wing chord
line.

αtr i m = CLdes

CLα
+α0L (6.21)

The maximum lift coefficient for the wing is determined using Equation 6.22 [28]. The values for
[

CLmax
Clmax

]
and

∆CLmax are obtained from [29]. Clmax is the maximum lift coefficient for the NASA SC20-612 airfoil as presented
in Subsection 6.2.2. This yields an estimated maximum wing lift coefficient of 1.04 in cruise conditions and
clean configuration. CLmax for the entire aircraft is statistically estimated to be 10% lower due to the negative
lift being generated by the horizontal tail to trim the aircraft [25]. This brings the maximum lift coefficient
for the aircraft in cruise conditions and clean configuration to 0.94. The maximum lift coefficient at sea-level
conditions and a Mach number of 0.2 is obtained in a similar way. The CLmax for the wing in these conditions
was calculated to be 1.45. For the full aircraft this would reduce to 1.32.

CLmax =
[

CLmax

clmax

]
· clmax +∆CLmax = 0.52 · clmax −0.19 (6.22)

The stall angle of attack can be determined using Equation 6.23 [29]. Where, the value for∆αCLmax
is obtained

to be 3.1° [29]. For cruise condition and clean configuration this results in a stall angle of attack of 9.4°. At
sea-level conditions while flying at a Mach number of 0.2 in clean configuration, the wing will stall at an angle
of attack of 17.0°.

αst al l =
CLmax

CLα
+α0L +∆αCLmax

(6.23)

The most important lift parameters for the finite 3-dimensional wing have now been determined for both
cruise conditions and sea-level conditions at a Mach number of 0.2 for a clean configuration. Subsection
6.2.5 will present the drag analysis and Subsection 6.2.7 will provide the design and analysis of the high lift
devices.

6.2.4. Hybrid Laminar Flow Control
As mentioned in the Midterm Report [1], the aircraft will feature an active hybrid laminar flow control (HLFC)
system. The system actively sucks air from the boundary layer into the wing near the leading edge. Using this
technology, it is possible to have laminar flow along 65% of the wing chord [30] [31], providing a significant
reduction in drag. In order to use this drag reduction to its maximum potential, active HLFC will be imple-
mented along the full leading edge of the main wing from 5% to 20% of the total chord. The hardware for
the system will be housed in the leading edge in front of the front spar. The system will be powered by two
electrically driven generators housed in the fuselage of the aircraft.
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Since the system sucks in air from the boundary layer through tiny holes in the wing skin, it is very sensitive to
getting blocked by tiny particles in the air. These particles could include small insects, pollen or ice crystals. In
order to protect the system as much as possible, it will feature three protection systems. First, the slats will be
deployed when flying at low altitudes. This should divert most particles away from HLFC holes. Secondly, the
system will feature an anti-icing system. The holes will be surrounded by heating mats which can be heated
in order to melt accumulated ice crystals. Finally, when the aircraft is on the ground, the airflow through the
holes can be reversed in order to blow out any possible contaminants.

6.2.5. Drag Analysis
The drag experienced by an aircraft is the sum of many different drag components. The general expression for
the drag polar is stated in Equation 6.24. From the drag polar it is evident that there are two main components
to drag, CD0 or the zero lift drag and the lift induced drag [32]. The zero lift drag will be analyzed first, followed
by the lift induced drag component.

CD =CD0 +
C 2

L

πAe
(6.24)

Zero Lift Drag
The zero lift drag has been evaluated with the component drag build-up method [32] [29]. The general ex-
pression for this method is presented in Equation 6.25. Here, Sref is the aircraft’s reference area which is equal
the wing surface area.

CD0 =
1

Sr e f

∑
c

C fc ·F Fc · I Fc ·Swetc +CDmi sc (6.25)

Cfc is the flat plate skin friction coefficient, it estimates the friction drag induced by a component. The value
of the skin friction coefficient is highly dependent the type of flow encountered by the component [32]. Due
to the aircraft’s active hybrid laminar flow control system (HLFC), laminar flow along 65% of the wing chord is
achievable [30] [31]. The same is true for the horizontal and vertical tail surfaces. This greatly reduces the drag
induced by these components. For laminar flow, Cfc is given by Equation 6.26 [32] [29]. For turbulent flow,
Cfc is given by Equation 6.27 [32] [29]. The total skin friction coefficient for each of the surfaces is obtained by
combining the values for laminar and turbulent flow in the respective ratio for that component. For example,
65% laminar and 35% turbulent flow for the wing.

C fc =
1.328p

Re
, Re = mi n

(
ρV l

µ
, 44.62(l/k)1.053M 1.16

)
(6.26)

C fc =
0.455

(log10 Re)2.58(1+0.144M 2)0.65 , Re = mi n

(
ρV l

µ
, 44.62(l/k)1.053M 1.16

)
(6.27)

The component form factor, FFc, estimates the pressure drag due to viscous separation [32] [29]. It has been
evaluated for several components, which have a significant contribution to the total zero lift drag, such as the
fuselage, wing, tail, struts and pylons. The equations to calculate the component form factor are lengthy and
lie beyond the scope of this report.

The component interference factor, IFc, estimates the influence on the total zero lift drag induced by the drag
interference between different components. It was obtained using statistical values as presented in [32].

Due to the unconventional addition of a strut to the aircraft, special attention will be given the drag calcu-
lation for it. The drag has also been determined using the drag build-up method [32] [29]. The Cfstrut has
been determined using Equations 6.26 and 6.27. Where, ’l’ equals the strut chord length as mentioned in
Subsection 6.4.2. For the value ’k’, it has been assumed that the strut will be made of aluminum and cov-
ered with smooth paint. The component form factor for the strut has been calculated using Equation 6.28.
The strut will use the NASA 16-021 symmetric airfoil, which has a maximum thickness-to-chord ratio of 0.21
and a maximum thickness located at 50% of the chord. Furthermore, an interference factor of 1.1 has been
obtained for the strut [32]. Finally, the wetted area has been calculated using Equation 6.29, where the strut
length and chord are presented in Subsection 6.4.3. The total drag increment induced by the two struts is
calculate using Equation 6.30. The total ∆CD0strut

equals 0.000778.
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F Fstr ut =
[

1+ 0.6

(x/c)

(
t

c

)
+100

(
t

c

)4]
·1.34M 0.18 (6.28)

Swetstr ut = lstr ut · cstr ut ·2 (6.29)

∆CD0str ut
= 2 ·C fstr ut ·F Fstr ut · I Fstr ut ·Swetstr ut (6.30)

The CDmisc term in Equation 6.25 accounts for the addition of miscellaneous drag induced by several factors.
First of all, the term accounts for the additional drag induced by the extension of the landing gear and flaps
during take-off and landing. Moreover, it accounts for the drag induced by the fuselage upsweep. It also
accounts for the fuselage base drag component, which is a specific pressure drag contribution attributed to
a blunt afterbody [32]. Since the TU-ecoliner does not have an APU, it is possible to make the afterbody
completely pointy. Thereby, there is no blunt afterbody and the fuselage base drag is equal to 0. Finally, the
CDmisc term also accounts for the excrescence drag caused by different protrusions from the aircraft’s smooth
body, such as antennas and probes. This contribution is often small, about 2% - 5% of the total CD0 for jet
transport aircraft [32].

Accounting for all these forms of drag and summing them together according to Equation 6.25 provides the
total zero lift drag in clean configuration of 0.0131. The contributions to the zero lift drag of all components
are presented in Table 6.4. This table also includes the zero-lift drag contributions for the flaps, slats and
landing gear which have been calculated in Subsection 6.2.7 and Section 6.3, respectively.

Using the values for drag as specified in Table 6.4 the CD0 during different flight phases can be determined.
During take-off, with the landing gear extended, the CD0 equals 0.0346. The CD0 for the climb-out after take-
off, with the flaps still in take-off position but the landing gear retracted, equals 0.0302. During landing, with
the flaps in landing position and the gear down, the CD0 equals 0.0974. The relative drag contribution of the
components in the respective flight configurations is given in Table 6.4. In order to determine the full drag
polar, the lift induced drag will be estimated next.

Table 6.4: Drag contribution breakdown

Component CD0 % of total CD0 Component ∆CD0

Wing 0.00267 20.4 Landing gear +0.00439
Horizontal tail 0.000760 5.8 Flaps landing +0.0684
Vertical tail 0.000684 5.2 Flaps take-off +0.00171
Fuselage 0.00566 43.1 Slats landing +0.0115
Strut 0.000758 5.8 Slats takeoff +0.00306
Fuselage upsweep 0.00221 16.8
Excrescence 0.000383 2.9
Total 0.0131 100

The breakdown of the zero-lift drag for the aircraft in clean configuration is visualized in Figure 6.5. From this
figure, it is evident that the fuselage is the biggest contributor to the zero-lift drag. Moreover, it can be noted
that the struts contribute only 5.8% to the zero-lift drag.
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Figure 6.5: Zero-lift drag breakdown

Lift Induced Drag
As can be seen from Equation 6.24, there are two main contributions to the total drag coefficient of an aircraft,
the zero lift drag and the lift induced drag. The lift induced drag will be discussed here.

Lift induced drag is given by Equation 6.31 [32]. Where, ’CL’ is the aircraft lift coefficient, ’A’ is the effective
aspect ratio and ’e’ is the Oswald span efficiency factor.

CDl i f t−i nduced = C 2
L

πAe
(6.31)

The effective aspect ratio of the wing is obtained by accounting for the type of wingtip specified on the air-
craft. The aircraft will feature raked wingtips, which increase the effective aspect ratio by 0.5 - 1.5 [32]. Raked
wingtips are selected as they provide a greater percentage of drag reduction at cruise, with the smallest per-
centage increase in vertical and horizontal wing span [33]. For the specific wingtips to be equipped on the
TU-ecoliner, an increase of 0.75 to the ’normal’ aspect ratio has been assumed. As stated in Table 6.2, the
wing will have an aspect ratio of 14. Accounting for the positive effect of the raked wingtips, the effective
aspect ratio will equal 14.75.

The Oswald span efficiency factor, ’e’ in Equation 6.31, was obtained using the Obert method [33]. The Obert
method is presented in Equation 6.32. Using this method, an Oswald efficiency factor of 0.727 was calculated.
This is in line with reference aircraft as presented by [34].

e = 1

1.05+0.07πA
(6.32)

Combining the values obtained for the effective aspect ratio and the Oswald span efficiency factor with the
CD0 obtained earlier, yields the drag polar presented in Equation 6.33 for the full aircraft in clean configura-
tion.

CD = 0.0131+0.0297C 2
L (6.33)

6.2.6. Moment Coefficient Around Aerodynamic Center
Below, in Equation 6.34 till Equation 6.38 is shown how the moment coefficient around the aerodynamic
center was calculated, using the method described in [35]. The moment coefficient around the aerodynamic
center is indifferent for variations in angle of attack, and is the sum of the moment coefficient of the aerody-
namic center of the wing, fuselage, HLDs and nacelles. b f , h f and l f are geometrical properties for which the
definition can be found in [35]. From the analysis Cmac was found to be -1.00911.

Cmac =Cmacw
+∆ f Cmac +∆ f usCmac +∆nacCmac (6.34)

Cmacw
≈Cm0ai r f oi l

(
A cosΛ2

A+2cosΛ

)
(6.35)



6.2. Aerodynamic Characteristics 36
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(6.36)

∆nacCmac ≈
{

0.2 fuselage-mounted engines, full flaps

−0.05 wing-mounted engines, full flaps
(6.37)

∆ f usCmac = 1.8

(
1− 2.5b f

l f

)
πb f h f l f

4Sc̄

CL0

CLαA−h

(6.38)

6.2.7. High Lift Devices
As explained in Section 6.2.1, the aircraft needs a CLmax,take−off of 2.2 and a CLmax,landing of 2.9 in order to meet the
take-off and landing requirements. However, the CLmax at low speed in clean configuration is 1.45. Therefore,
in order to increase the lift during take-off and landing while keeping a small wing surface area during cruise,
the wing needs high lift devices.

Sizing of HLDs
Both leading edge and trailing edge devices will be used. The trailing edge devices mainly increase the CLmax

and leading edge devices avoid flow separation at higher angles of attack. Single slotted fowler flaps will be
considered for the first iteration of the flap sizing. They are more efficient than plain slotted flaps, but less
complex and heavy than double or triple slotted flaps. Slats will be used as leading edge devices, because of
their effectiveness in combination with the hybrid laminar flow control system.

The required reference wing flapped surface area can be determined as function of the required∆CLmax using
Equation 6.39 from [29]. This is the portion of the total wing surface that is under the effect of high lift devices.
The equation can be used to calculate both the area affected by flaps and slats. It is assumed that the trailing
edge flaps contribute to 86% of the ∆CLmax and the leading edge devices 14%.

Sw f

S
= ∆CLmax

0.9∆Clmax cos(Λhi ng el i ne )
(6.39)

Since the ∆CLmax is the largest for landing, this value is used for the calculation of the flapped area. A margin
of 0.1 is added to decrease the risk of stalling. The increase in CLmax is thus:

∆CLmax,l and =CLmax,l andi ng −CLmaxc l ean = 2.9−1.45+0.1 = 1.55 (6.40)

In Equation 6.39 ∆Clmax is the increase in lift coefficient of the flapped airfoil. The value of ∆Clmax depends on
the type of flap, the deflection angle δf, and flap chord length cf. These parameters were adjusted in order
to obtain acceptable values for the spanwise position of the high lift devices. The value of Λhingeline is the
sweep angle of the wing rear spar, where the flap is attached. After the first iteration, it turned out that the
the flapped area would be too high. Therefore, instead of single flotted flaps, double slotted flaps are used. In
case doubleslotted fowler flaps are used,∆Clmax is given by Equation 6.41, with the values for the final iteration
inserted. A flap deflection angle of 20° is used during take-off and 50° during landing. A similar calculation
was performed for the slats.

∆Clmax,l and
= 1.3

c ′

c
= 1.3

c +∆c

c
= 1.6

c + c f
∆c
c f

c
= 1.3(1+ c f

c

∆c

c f
) = 1.3(1+0.35 ·0.89) = 2.1 (6.41)

Using the calculated values of the reference flapped surface, the spanwise placement of the high lift devices
can be determined. The slats shall be placed at least 2 m away from the fuselage intersection, to ensure that
stall occurs close to the root first. The flaps can be placed starting at 5 cm from the fuselage intersection.
A margin of 5 cm is taken between the flaps and the fuselage along the wingspan. This is included in order
for the flaps to extend with sufficient margin for manufacturing and installation tolerances. The flaps should
not take up too much space of the outboard portion of the span, in order to leave space for the ailerons. The
position as fraction of the half-span is calculated using the known wing geometry. The resulting dimensions
of the high lift devices are presented in Table 6.5.
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Table 6.5: Dimensions and positioning of high lift devices

Parameter Symbol Flaps Slats
Reference flapped surface Swf/S 0.66 0.69
Inboard position along halfspan bi/(b/2) 0.05 0.15
Outboard position along halfspan bo/(b/2) 0.70 0.96
Landing deflection angle [deg] δland 50 25
Take-off deflection angle [deg] δto 20 14

Lift Slope
The application of high lift devices increases the slope of the lift curve and also shifts it to the left. The ap-
proximate shift in zero lift angle of attack is given by Equation 6.42. The lift curve slope of the flapped aircraft
is calculated using Equation 6.43.

∆α0L = (∆α0l )ai r f oi l
Sw f

S
cos(Λhi ng l i ne ) (6.42)

CLα, f l apped = S′

S
CLal pha,clean (6.43)

Here, S is the area of the wing when the flaps are extended. For ∆α0lairfoil −15° is used for landing, and −10°
for take-off. Using these equations, the linear part of the lift curve of the flapped wing during take-off and
landing could be plotted. These curves are presented in Figure 6.6. The points of CLmax with corresponding
stall angle of attack are indicated, as calculated using Equation 6.23. From these plots, the CL at zero angle of
attack during take-off and landing can be determined. For take-off, CL0takeoff = 1.1 and for landing, CL0landing =
1.4

Figure 6.6: CL - α curves of the clean and flapped aircraft

Drag Increment due to HLD’s
Extending the high lift devices will increase the drag significantly. The drag of the flaps and the slats will be
calculated separately using the drag estimation method presented in Equation 6.44 obtained from [29]. For
single slotted flaps, Fflap equals 0.0074 [29]. Using the parameters as obtained above, the total ∆CD0flap

can be

calculated to be 0.0082 in take-off setting and 0.0492 in landing setting.

∆CD0 f l ap
= F f l ap · C f

C
· S f l apped

Sr e f
· (δ f l ap −10) = 0.0074 ·0.35 ·0.66 · (δ f l ap −10) (6.44)
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In order to calculate the drag for the slats the same method [29] will be used. The relation used for obtaining
the drag increment due to the deployment of the slats is presented in Equation 6.45. The total drag increment
due to the deflection angle of 25° of the slats in landing equals 0.0127. When the slats are deflected 14° during
take-off the drag increment will equal 0.0034.

∆CD0sl at
= Fsl at ·

Csl at

C
· Ssl at ted

Sr e f
· (δsl at −10) = 0.0074 ·0.15 ·0.69 · (δ f l ap −10) (6.45)

These drag increments will be added to the CD0 for the aircraft in clean configuration as calculated in Subsec-
tion 6.2.5. All final values will be presented in Section 6.10.

6.2.8. Aileron Design
The ailerons have to be designed in order to meet the roll rate requirements of weight class II aircraft. This
means that the aircraft must be able to achieve a roll angle of 45° in 1.4 seconds. The time needed to perform
a certain bank angle is related to the roll rate. The roll rate during cruise with maximum aileron deflection is
calculated using Equation 6.46, assuming steady state roll.

P =−Clδa

ClP

δamax

(
2V

b

)
(6.46)

Its value depends on the aileron control derivative Clδα and roll damping coefficient ClP . These parameters
are calculated using Equations 6.47 and 6.48. They are a function of the wing, aileron, and airfoil geometry.
The parameters associated with the aileron geometry are the spanwise location of the aileron, bi,a and bo,a

and the aileron effectiveness τ. The value of τ is related to the chord length of the aileron.

Clδα =
2clατ

Sr e f b

∫ bo,a

bi ,a

c(y)yd y (6.47)

ClP =−4(clα+ cd0 )

Sr e f b2

∫ b/2

0
y2c(y)d y (6.48)

By varying the geometric dimensions of the ailerons, the roll rate can be varied. This was done until the
required∆t, calculated using Equation 6.49, became smaller than 1.4 s, with a∆φ of 45°. Here it was also taken
account that the inboard position cannot be less than 63% of the halfspan, in order to avoid interference with
the flaps. The obtained aileron geometry is presented in Table 6.6.

∆t = ∆φ
P

= 45

0.5637

π

180
= 1.39s (6.49)

Table 6.6: Aileron geometry

Parameter Symbol Value
Maximum aileron deflection [deg] δamax 20
Inboard position along the halfspan bi,a/(b/2) 0.79
Outboard position along the halfspan bo,a/(b/2) 0.95
Ratio aileron chord/wing chord ca/c 0.2
Aileron effectiveness τ 0.4

6.3. Landing Gear Design
The landing gear is a vital part of the aircraft. It serves its main purpose during take-off and landing. The
undercarriage has six main functions [36]:

• Absorb shocks during landing
• Absorb shocks during taxiing
• Provide the ability for ground manoeuvring
• Provide braking capability
• Allow for towing of the aircraft
• Protect the ground surface
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6.3.1. Landing Gear Positioning
The number of wheels required for the landing gear is obtained from statistical relations for CS25 aircraft
[36]. These relations are given by Equation 6.50 and 6.51 for the nose and main landing respectively. In these
equations all weight are given in Newtons. From the relations, the number of nose landing gear wheels is
determined to be 2. Furthermore, 4 main landing gear wheels are required. This means that the aircraft will
have two main landing gear struts and a nose gear strut, with two wheels per strut [36].

Nnw = 2 (6.50)

Nmw = f ·MT OW

210,000
, f = Wmax,l and

MT OW
(6.51)

The exact positioning of the landing gear is crucial to provide support and stability in all conditions while
the aircraft is on the ground. To provide stability along the length of the aircraft, the main landing gear had
to be positioned such that the aircraft does not exceed a scrapeback andle of 9.5°. This mitigates the risk of
tailstrike, which is high for such a long fuselage. This value for the scrapeback angle is consistent with the
scrapeback angle for the A321neo, which has a fuselage of similar length. The tailcone had to be elongated to
accomdate this scrapeback angle.

Furthermore, to prevent the aircraft from tipping back during loading, the main landing gear also have to
be sufficiently far behind the most aft centre of gravity. To ensure this, the tipback angle has to be greater
than the scrapeback angle. A tipback angle of 15° was used. A larger angle is preferable, which would place
the gear further back, providing greater stability margins, however the positioning of the nose gear is very
sensitive to the longitudinal position of the main gear. Placing the main gear as close to the most aft centre of
gravity as possible, and ensuring that the force on the nose gear is within 8%(for steering) and 14% of the total
aircraft mass, results in a favourable position of the nose gear. The nose gear is 4.5 m from the nose (under
the cockpit), and the main landing gear is 1.1 m behind the most aft centre of gravity (21.4 m from the nose).
With the main landing gear any further aft, the nose landing gear would need to be in front of the nose.

In order to prevent the aircraft from lateral tipover, a sufficiently wide gear track is determined based on the
angle between the outer gear and the vertical height of the centre of gravity. This angle is 63° and is within
requirements. The length from the bottom of the fuselage to the ground is 1.5 m, as the track width is sensitive
to the height of the aircraft’s centre of gravity off the ground. This is the lowest, reasonable value for the height
off the ground of the aircraft, that would satisfy all angles (scrapeback, tipback and tipover), while producing
favourable gear positioning.

As there was no option to put the gear in the high wings, the gear has to be integrated into the fuselage through
a fairing, which will also support the strut-fuselage integration. Accounting for these factors, the gear track is
determined to be 6.49 m wide, which is wide enough to provide lateral stability, and is the narrowest possible,
to be able to fit into the belly fairing. This fairing increases the overall drag. Minimizing the track-width allows
designers to minimize the size of this fairing and, therefore, its induced drag.

From the positioning of the landing gear and the loading diagram as presented in Figure 6.21 the maximum
loads of the gears can be calculated. The nose landing gear has to sustain a maximum load of 67,689 N, which
can occur during the loading of passengers on the aircraft. This comes down to 3,450 kg per wheel for the
nose gear. The main landing has to sustain a maximum load of 608,220 N , which occurs for the fully loaded
aircraft. This comes down to 15,500 kg per wheel.

As the TU-ecoliner is designed to operate on airports with properly paved runways, a high load classification
number (LCN) has been chosen. The LCN provides a measure for the maximum load that can be sustained
by the runway surface and determines the maximum tire pressure to be used. Based on the LCN for reference
aircraft provided by [21], a LCN of 50 was specified for the aircraft.

Using the maximum load per wheel for the main and nose landing gear, and the LCN for the aircraft, the
tire pressure for the wheels can be determined using statistical relations from [22]. For the nose landing gear
wheels the tire pressure equals 8.5 kg/cm2. The main landing gear wheels will be pumped up to a pressure of
10.5 kg/cm2.
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Using [22], the wheels for the landing gear can now be selected. The nose wheels, with a maximum load of
3,450 kg and a tire pressure of 8.5 kg/cm2, will be 26 x 6.6 inch tires. Meaning they will have a diameter of
66.0 cm and a width of 16.8 cm. The main landing gear wheels, with a maximum load of 15,500kg and a tire
pressure of 10.5 kg/cm2, will feature 45 x 15.75 inch tires. Which means they will feature a diameter of 114.3
cm and a width of 40.0 cm.

6.3.2. Landing Gear Drag
An extended landing provides a significant source of additional drag. The drag of the landing gear is estimated
using a method presented by Raymer [29]. The method is based on statistics from reference aircraft and

presents values for the drag with a unit of D/q
landing gear frontal area . For a streamlined wheel and tire a value of 0.18

is presented, a streamlined strut has a value of 0.05. Consequently, the CD0 increment due to the landing gear
can be determined using Equation 6.52. The frontal area of the wheel equals the wheel diameter multiplied
with the wheel width. This equals 0.111 m2 for the nose wheels and 0.457 m2 for the main gear wheels. The
length of a landing strut is determined to be 1.5 m and its width is 0.15 m. Therefore, the strut’s frontal
area equals 0.225 m2. This brings the total drag increment for a main landing gear bogey to 12.36 ·10−4.
For the nose gear the drag increment equals 6.595 ·10−4. The total landing gear drag increment should be
multiplied by 1.2 [29], bringing the total ∆CD0Landinggear

to 0.00439. This increment will be added to the CD0

value calculated in Subsection 6.2.5 for the aircraft in clean configuration.

∆CD0Landi ng g ear
= 2 ·0.18 · Awheel +0.05 · Astr ut

Sr e f
(6.52)

6.4. Structural Characteristics
In this section, the structural build-up of the TU-ecoliner will be presented. For all parts that are designed,
both a quasi isotropic CFRP and 7075-T6 aluminum will be considered. Later on, in Section 6.5 a trade-off
will be provided on which material to use. The aircraft coordinate system that will be used is defined in figure
6.7.

Figure 6.7: Coordinate System of the Aircraft (body oriented)

6.4.1. Fuselage Design
The fuselage shall be sized for the maximum bending moments, torques and shear stresses that occur during
the nominal mission. Assuming a uniform distribution of the weight, the maximum loads on the fuselage
structure are summarized below in Table 6.7. The internal shear and moment diagrams for take-off and
landing are presented in Figures 6.8 and 6.9. Also the loads for pressurizing the cabin have to be taken into
account. The pressure difference between the pressure inside the fuselage, which is kept at the pressure level
of 8,000 ft, and the outside pressure at the surface ceiling of 42,000 ft.

The internal shear diagram seen in Figure 6.8 shows two jumps in shear force in the take-off diagram. These
are the wing loading and tail loading respectively. The internal shear diagram in landing shows four jumps in
shear force. These respectively account for the front landing gear, main landing gear, wing loading and tail
loading. The internal moment diagram shown in Figure 6.9 shows two kinks in the landing diagram. These
are the reaction forces of the nose and main landing gear respectively.
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Figure 6.8: Internal shear force diagram Figure 6.9: Internal Moment My diagram

Table 6.7: Loads on the fuselage

Load Take-off Landing
Vertical Shear [kN] 767.0 671.0
Moment My [MN] 7.669 6.833
Torque [MNm] NA 4.43
Pressure difference [Pa] 58,2271 NA

As a first estimation, the fuselage is approximated as a cylinder with a constant thickness. It is then sized for
all different load cases. It was found that the critical load case was the bending moment about the yb axis
during take-off combined with the pressurization of the cabin at fatigue conditions. Note that at this point in
the design, buckling is not yet accounted for. For this, the thickness was calculated using Equation 6.53 and
found to be 4.7 mm using a quasi isotropic CFRP material and 7.0 mm using 7075-T6 Aluminum.

t = M · y +∆P ·R4 ·π
σy

SF ·π ·R3
(6.53)

From this simple approximation, designed not to fail under the given loads, the inertia required to withstand
the loads can be derived. This was calculated to be 0.1004 m4 for CFRP and 0.1514 m4 for Aluminum. In a
first iteration, the thickness of the skin is replaced by stringers. When doing this, the inertia calculated with
the simple estimation must be kept in order to still withstand the loads. The result of this can be found in
Table 6.8. The chosen stringer is a hat stringer with dimensions given in Figure 6.10.

Figure 6.10: Stringer dimensions

1Pressure forces are added to the take-off conditions to account for the phase when the aircraft just reached its cruise altitude
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Table 6.8: Details on fuselage sizing for bending

Material
Required

interia [m4]
Inertia [m4]

Number of
stringers

Skin thickness
[mm]

QI CFRP 0.1004 0.1013 70 1.0
7075-T6 aluminum 0.1514 0.1521 99 1.8

However, now also buckling comes into play. The sizing of a stiffened panel for buckling is split up into three
steps [37]. First, the critical buckling stress of the skin panel is calculated with Equation 6.54. Secondly, the
crippling stress of the stringer is found using Equation 6.55. Thirdly, using Equation 6.56, the critical stress of
the stiffened panel is found. The effective sheet width is calculated using Equation 6.57.

σcr =C
π2 ·E

12
(
1−ν2

) (
t

b

)2

(6.54)
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(6.55)
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∑
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(6.56)
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E
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(6.57)

Equation 6.56 gives the critical stress of the stiffened panel, which means that this is the maximum stress the
panel can take before local buckling takes place. This is compared by the actual stress on the panel calculated
using the flexure formula as given by Equation 6.58. This has to be smaller than the critical stress for the panel
not to fail.

σbend = Mmax · ymax

I
(6.58)

The results of this analysis can be found in Table 6.9. It can be seen that for CFRP, the inertia provided by the
configuration of skin thickness and amount of stringers is still enough to satisfy the bending case. For the
aluminum however, it can be seen that when sized for buckling only, the inertia needed for bending is not
met. This means that for an aluminum fuselage, bending is the critical load case and it should be sized for
that. During the design process, the structure was optimized for the lowest weight. This was done for example
by implementing stringers instead of skin when possible. Stringers add less weight for the same inertia then
skin does.

Table 6.9: Details on fuselage sizing for buckling

Material σcr [MPa] σbend [MPa] ∆σ [MPa]
Number of
stringers

Skin thickness [mm] Inertia [m4]

QI CFRP 121.80 120.40 1.40 87 1.0 0.1210
7075-T6 aluminum 97.96 97.94 0.04 98 1.7 0.1488

Verification and Validation
To verify the program used for the sizing of the fuselage, Calculations were performed by hand as much as
possible. Also, at regular intervals fellow students were consulted with. When problems were encountered,
professors were consulted with to make sure the calculations stay on point. Also, plugging in characteristics
of materials given in reference books [38], the program was verified.

To validate the results, and thus the method used, reference values for existing aircraft [38] were looked into.
However, because the aircraft is designed to be made out of a quasi isotropic CFRP material reference aircraft
are not entirely representative. It is good however, to get an approximate idea. As mentioned before, also
characteristics of reference materials are used to check with reference aircraft.
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6.4.2. Wing Design
The maximum lift force that the wing and tail produce, was determined by computing the maximum required
forces during landing and take-off for 3 situations; take-off at MTOW, take-off at maximum aft cg position,
and take-off with maximum forward cg position. The maximum forces are summarized in Table 6.10.

Table 6.10: Design Forces for wing and tail

Maximum Tail Force [kN] 47.48 Occurs at MTOW
Maximum Wing Force [MN] 1.68 Occurs at xaftmax at take-off

The wing loads are simplified to the weight of the wing, the lift, the fuel stored in the wing, the weight of
the engine, and the reaction force of the strut. These load distributions were simplified to model the inter-
nal moment, shear and torques. The lift was assumed proportional to the surface area using Equation 6.59.
The wing and fuel weight were assumed proportional to the surface area. This assumption leads to a larger
bending moment compared to reality.

L(y)
∫ y

0
CL ·qT O ·S(y)d y =CL ·q

∫ y

0

[
cr − cr − ct

L
· y

]
d y (6.59)

The internal torque has two contributions; the engine thrust and the lift. The thrust is assumed to be a point
load through the center of the engine. The fairing height of 13cm is included in the moment arm.

Twi ng (y) =
∫ y

0
0.25 · c(y) ·L(y)d y (6.60)

The shear, moment and torsion diagrams of the wing during take-off are shown below.

Figure 6.11: Internal wing shear in zb Figure 6.12: Internal wing moment about xb axis

Figure 6.13: Internal wing shear in xb Figure 6.14: Internal wing moment about zb axis
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Figure 6.15: Internal Torque in wing about yb axis

Despite many verification and re-coding efforts to solve the strut force properly using indeterminate beam
equations, the force of the strut is assumed as 30% of the maximum lift of a single wing. This is done to solve
the unreliable results. The maximum shear flow from all 25 rib positions was measured to be 293 N/mm for
the 7075-T6 Aluminum option and 370 N/mm for the QI CFRP option. Assuming ribs from the aforemen-
tioned 7075-T6 material and addding appropiate fatigue (FF) and load safety factors (SF), the minimum rib
thickness is calculated using Equation 6.61. The rib thickness is rounded to 3 mm in both designs.

tmi n = q

τmax
F F
SF

= 370 ·103

331 ·106 0.638
1.5

= 2.18mm (6.61)

Table 6.11: Data on designed wingbox

Strut/no strut Material Spar thickness [mm] Skin thickness [mm]
Strut QI CFRP 10.0 27.0

7075-T6 aluminum 8.0 20.0
No strut QI CFRP 14.0 38.0

7075-T6 aluminum 11.0 28.0

Verification and Validation
Firstly, the shear, moment and torque diagrams of a simple model of the wing was made using the same
coordinate system. The plots created by the program were verified by comparing them to the expected shear,
moment and torque diagrams made by hand. The plots were also verified by solving a practice problem from
the Mechanics of Materials book [39] and replicated.

The shear flow due to the Vx (thrust) was assumed to be negligible. This turned out to be a very reasonable
assumption to make as the Vx

Izz
term is at least 53 times larger than the Vz

Ixx
term for any mentioned design

option. Secondly, the program used to determine the strut force was not used as it determined the strut
forces for a pinned wing. Following, all shear, moment and torque diagrams begin and end at zero indicating
the correctness of the diagrams at free ends. The results from the wing analysis tool were compared to the
predicted wing weights of a similar aircraft in MTOW, wing loading and taper ratio, with the same aspect ratio
from a conceptual study of strut braced wings (SBW) [40] (presented below in Table 6.12)2. The difference of
the weight is in the correct order of magnitude for both Aluminum and CFRP.

2The "rigid" (no optimization performed) wing weights were selected from the study for comparison



6.4. Structural Characteristics 45

Table 6.12: Calculated (single) wing weights for both conventional and strut-braced at A=14

A=14 Conv. SBW Dif (%)
Reference Aluminium 5,100 kg 4,400 kg 13.7
Design Aluminium 4,521 kg 3,796 kg 19.1
Reference CFRP 4,400 kg 3,500 kg 20.4
Design CFRP 3,565 kg 2,997 kg 19.0

6.4.3. Strut Design
The trade-off has been made between the drag produced by the strut and the required mass. The strut has
been designed for buckling as it was shown to be the driving factor for landing. For instance, the axial stress
margin of the material at maximum tension was over 100 MPa, while the buckling margin was barely above
zero. The optimum thickness-to-chord ratio (TTCR) for a strut was found to be between 18 to 23% [29].
Setting a total skin thickness (including stringers) to 8mm, the mass varied from 79 kg for 18% to 64.5 kg
for 23%. As the required mass varies only by kilograms, a airfoil with 21% TTCR was selected. The 7075-T6
aluminum was selected leading to a mass per strut of 69.2 kg with a spar thickness of 8 mm and optimal chord
of 0.451 m. CFRP was also analyzed leading to an optimal chord of 0.526 m and a mass of over 75 kg for the
21% TTCR. After this a sensitivity analysis has been performed for different masses of the strut and their drag
as shown in Table 6.13.

Table 6.13: Sensitivty analysis of the strut mass and drag coefficient

Nominal
Value

Weight
-30% -20% -10% +10% +20% +30%

Minimum Strut Chord[mm] 451.0 523.0 520.0 501.0 491.0 447.0 439.0
Strut Drag Coefficient [10−3] 0.775 +12.7% +10.5% +4.4% -3.9% -14.6% -15.1%

6.4.4. Horizontal Tail Design
The horizontal tail has been sized in an identical manner as the wing, but without the strut reaction force.
The loads of the tail are the tail lift, the tail weight and fuel stored in the tail. As the lift weight and fuel
are simplified as one distributed force, the largest is taken to be the design load. This is determined using
equation 6.62. The fuel stored in the tail is assumed to be pumped into the wing during landing. The critical
loading case for the tail force is at landing with the cg at its most forward position. This means the tail needs
to provide a downforce of 35.8 kN.

Fdesi g n−t ai l−T O = Ft ai l−max −
(
Wt ai l +W f uel−t ai l

) ·n · g = 2.948 ·104 (6.62)

Fdesi g n−t ai l−l andi ng = Ft ai l−max −
(
Wt ai l +W f uel−t ai l

) ·n · g =−3.9738 ·104 (6.63)

Therefore, a design load of -40 kN is used to size the horizontal tail. The shear, moment and torque diagrams
are presented below in Tables 6.16, 6.17 and 6.18.

Figure 6.16: Internal Shear Diagram of Horizontal Tail in zb

Figure 6.17: Internal Moment Diagram of Horizontal Tail
about xb axis
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Figure 6.18: Internal Torque Diagram of Horizontal Tail in yb

Table 6.14: Horizontal tail design trade-off table

Material Skin thickness [mm] Spar thickness [mm]
QI CFRP 1.0 6.0

7075-T6 aluminum 1.0 2.0

6.5. Material Characteristics
In this section, firstly, an updated table with material characteristics will be given. Secondly, a material selec-
tion for each of the designed parts will be made. thirdly, a table will be given with specific aircraft parts that
will be made from other materials.

The updated table of material characteristics can be found in Table 6.15. These are the material characteris-
tics as used in the calculations for the structural design. On top of this, for working with composites, a safety
factor of 2.5 was applied. For working with metals, a safety factor of 1.5 was taken into account. The number
of cycles has been calculated by multiplying the number of flights per day (8 flights) for 30 years of operation.
This number was multiplied by a factor of 16 to correct for the structural interactions of the entire assembly,
leading to a figure of about 1 million cycles. All data in Table 6.15 is taken from the CES Edupack database3

unless stated otherwise.

Table 6.15: Material characteristics

Material
Density
[kg/m3]

Material
cost
[€]

Yield
strength

[MPa]

Shear
strength

[MPa]

Young’s
modulus

[GPa]

Fatigue
strength

[MPa]

Compressive
strength

[MPa]
QI CFRP 1,610 52.50 649 649 48.0 422 668
2024-T6 aluminum 2,780 2.86 381 28 75.7 147 397
7075-T6 aluminum 2,830 3.60 530 370 76.0 168 530
Ti-6AI-4V titanium 4,430 20.40 1,080 5504 119.0 638 1,150

When designing the structure of the aircraft, the calculations for both aluminum and CFRP were made. The
2024-T6 aluminum was disregarded at the first design step as the fatigue strength to density ratio was sig-
nificatly lower than the 7075-T6 while the cost savings are small. The largest strength to density CFRP was
selected consisting of 70% fibers and 30% epoxy. Table 6.16 gives a trade off between both materials for each
part that was designed. The last column gives the cost it takes to save one kilogram of weight when going from
aluminum to CFRP. Note that this is a negative value for the strut because the strut made from aluminum is
lighter than the strut made from CFRP.

3http://www.grantadesign.com/education/edupack/edupack2017.htm [Cited 29 May 2018]
4http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=mtp641 [cited 22 May 2018]

http://www.grantadesign.com/education/edupack/edupack2017.htm
http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=mtp641
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For the fuselage, the decrease in weight from aluminum to CFRP is about 4,500 kg. Although this increases
the cost significantly, it is decided that this is worth the extra cost because it will decrease the DOC of the
aircraft. The wingbox will also be made from CFRP. Although the additional cost per kg saved is higher than
for the fuselage, a weight saving of 800 kg is still significant. The strut is lighter and cheaper in aluminum
than it would be in CFRP so it is evident that aluminum will be used here. For the horizontal tail wingbox, 10
kg could be saved for an additional cost of 2,200 euro. This is not benificial for the overall cost of the aircraft.
Therefore the horizontal tail wingbox will be produced out of aluminum.

Table 6.16: Material trade-off table

Part Material
Weight
[kg]

Cost
[€]

Saving Ratio
[Eur/kg]

Fuselage
QI CFRP 5,504 288,985

54.0
7075-T6 Aluminum 10,178 36,741

Wingbox
QI CFRP 2,997 157,930

180.5
7075-T6 Aluminum 3,796 13,703

Strut
QI CFRP 75 3,953

-370.4
7075-T6 Aluminum 69 249

Horizontal tail
wingbox

QI CFRP 47 2,485
228

7075-T6 Aluminum 57 205

When working with composites, it has to be noted that there is the possibility to engineer them for specific
loading cases. In the calculations performed in this report, a quasi isotropic CFRP is used throughout the
whole aircraft. This is mainly done because of simplicity for the preliminary design and due to time con-
straints. However, the weight of the fuselage and wing can be further optimized by specifically engineering
the composites for the respective load cases.

Besides the bigger parts of the aircraft discussed in Table 6.16, also other parts of the aircraft can be made
out of different materials. Some very specific parts are made out of different materials than the rest of the
aircraft. This can be seen in Table 6.17. The references used for this table are the Boeing 787 and the Airbus
A350 because those are the two aircraft that make use of composites the most. Very heavy duty parts as for
example the engine pylon are made of titanium, other parts like the leading edges of wings and tail planes
are made out of aluminum. Also the struts that hold up the cabin floor will be made from aluminum because
their primarily load case will be compression.

Table 6.17: Materials used for different parts of the aircraft

part CFRP 7075-T6 aluminum Ti-6AI-4V titanium
Fuselage
Skin, stringers, frames X
Floor X
Floor struts X
Wing
skin, spars, ribs, stringers X
Leading edge X
Struts X
Empennage
Leading edges X
Horizontal tail wingbox X
Landing gear X
Engine
Pylon X
Nacelle X
Leading edge nacelle X
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6.6. Propulsion System Characteristics
As has been discussed in Chapter 4, it is chosen to implement ultra-high bypass ratio engines in the aircraft
design. The engines will be positioned at 32.1% of the half span [1]. The design and sizing is done in two
ways, first the engine is sized according to handbooks, which is explained in Subsection 6.6.1. However, due
to flaws in this method the engine is scaled bases on thrust using the method of rubber engine sizing, of
which an explanation can be found Subsection 6.6.2.

6.6.1. Engine Sizing
The engine sizes are determined by using different design methods, such as the ADSEE1-method [41] as
taught in the course Aerospace Design and Systems Engineering Elements 1 at the TU Delft, a method de-
scribed by Raymer [29] and a method developed by Jenkinson [8]. The results as obtained by the different
methods are tabulated in Table 6.18. For details on the different methods such as the detailed formulas used,
the reader is referred to the references as to be found in the bibliography. It can be observed that the methods
all result in different values. The aforementioned methods all rely on statistical data from existing engines.
The ADSEE1 method for example relies on engines as obtained from Torenbeek with all small bypass ratios
[41].

Table 6.18: Engine sizing results

ADSEE1 Raymer Jenkinson
Nacelle length [m] 4.20 3.00 3.85
Maximum nacelle diameter [m] 1.67 2.70 3.36
Weight [kg] 2,789 1,330 -

DesignMethod Accuracy Assessment
In order to be able to assess the aforementioned design methods an accuracy assessment is performed in
which existing engines are "designed" by application of known parameters and characteristics. Two engines
are analyzed, namely the GEnx 1B70 and the LEAP 1A. The results of these engines as obtained from the
ADSEE1 method and Raymer method along with the real values of the parameters are tabulated in Tables
6.19 and 6.20. It is clear that both the methods have their deficiencies. It can be concluded that the Raymer
method is the most accurate for both engines. The only exception in this is the diameter of the GEnx 1B70
engine which is predicted the best by the ADSEE1 method. Because of the unreliability of the design methods,
it is decided to perform a rubber engine sizing. In this method the engine to be designed is sized based on a
reference engine.

Table 6.19: Design method accuracy assessment of the GEnx 1B70 engine

GEnx 1B70 Real value ADSEE1 Raymer
Nacelle length [m] 4.93 5 6.30 4.60
Fan diameter [m] 2.82 6 2.60 3.80
Weight [kg] 6,147 8,131 5,331

Table 6.20: Design method accuracy assessment of the LEAP-1A engine

LEAP 1A Real value ADSEE1 Raymer
Nacelle length [m] 3.3 7 4.8 3.56
Maximum diameter [m] 2.5 1.9 2.9
Weight [kg] 2,990 4,190 2,381

5http://rgl.faa.gov/Regulatory_and_Guidance_Library/rgMakeModel.nsf/0/31c884b43b7f7a7586257fda0075a93e/
\protect\T1\textdollarFILE/E00078NE_Rev14.pdf [cited 16 June 2018]

6https://www.geaviation.com/sites/default/files/datasheet-genx.pdf [cited 18 June 2018]
7https://www.easa.europa.eu/sites/default/files/dfu/EASA%20E%20110%20TCDS%20Issue%202%20LEAP-1A_1C_
20161103_1.0.pdf [cited 16 June 2018]

http://rgl.faa.gov/Regulatory_and_Guidance_Library/rgMakeModel.nsf/0/31c884b43b7f7a7586257fda0075a93e/\protect \T1\textdollar FILE/E00078NE_Rev14.pdf
http://rgl.faa.gov/Regulatory_and_Guidance_Library/rgMakeModel.nsf/0/31c884b43b7f7a7586257fda0075a93e/\protect \T1\textdollar FILE/E00078NE_Rev14.pdf
https://www.geaviation.com/sites/default/files/datasheet-genx.pdf
https://www.easa.europa.eu/sites/default/files/dfu/EASA%20E%20110%20TCDS%20Issue%202%20LEAP-1A_1C_20161103_1.0.pdf
https://www.easa.europa.eu/sites/default/files/dfu/EASA%20E%20110%20TCDS%20Issue%202%20LEAP-1A_1C_20161103_1.0.pdf
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6.6.2. Rubber Engine Sizing
In order to have an ultra-high bypass ratio engine, the fan and turbine should be connected via a gearbox
to reduce the speed of the fan. Otherwise the fan tips will reach Mach 1 which would induce a lot of drag
and noise. Pratt & Whitney has implemented this gearbox in the PW1000G series engine, hence this engine
series has been used as reference for the rubber engine sizing. Furthermore, according to Pratt & Whitney
the PW1000G series engine can be scaled for a thrust between 45 kN and 178 kN of thrust, while maintaining
the same core size. This is done by altering the amount of stages of the compressor and turbine and by
changing the speeds at which they are running. Therefore, the engine of the TU-ecoliner will be scaled by
interpolation of two known data points using the PW1100G engine, which is currently an engine option for
the Airbus A321neo and the PW1500G engine, which is the exclusive engine for the Bombardier CSeries 8.
This linear regression has been done as such, to scale the engine to the required thrust of the TU-ecoliner.
The characteristics of both Pratt & Whitney engines and the TU-ecoliner engine which followed from the
interpolation can be seen in Table 6.21.

Table 6.21: Engine characteristics Pratt & Whitney and TU-ecoliner

Parameter PW1100G[42] PW1500G[43] TU-ecoliner
Maximum thrust [N] 145,810 102,566 106,500
Overall length (flange to flange) [m] 3.284 3.045 3.070
Weight [kg] 2,857.6 2,177.0 2,238.9
Bypass ratio 12.5 12.0 14.0
Diameter fan [m] 2.06 1.85 1.87
Diameter nose cowl [m] 2.224 2.006 2.030

However, the engine data from both Pratt & Whitney’s are obtained from their type certification sheets and
these do not include the total length of the engine and maximum diameter of the nacelle. In order to deter-
mine these dimensions for the TU-ecoliner, the total engine dimensions of the PW1100G were obtained from
the "Airport Planning and Characteristics" of the Airbus A321neo and can be seen in Figures 6.19 and 6.20.
The ratio of fan to maximum nacelle diameter and the ratio of overall length to total length of the PW1100G
engine, which is equal to 1.26 and 0.645 respectively, are used. The maximum dimensions of the TU-ecoliner
were obtained by multiplying these ratios with the values from Table 6.21, of which a maximum nacelle di-
ameter of 2.36 m and total length of 4.76 m were obtained.

Figure 6.19: Frontview of the PW1000G engine [44] Figure 6.20: Sideview of the PW1000G engine [44]

A note that has to be made is that the TU-ecoliner could not be scaled for its higher bypass ratio, since no
information on the core is shared by Pratt & Whitney, therefore there is some error in the determination of
the fan and the maximum nacelle diameter.

8https://www.pw.utc.com/Content/PurePowerPW1000G_Engine/pdf/B-1-1_PurePowerEngineFamily_SpecsChart.pdf
[cited 26 June 2018]

https://www.pw.utc.com/Content/PurePowerPW1000G_Engine/pdf/B-1-1_PurePowerEngineFamily_SpecsChart.pdf
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6.7. Stability and Control Characteristics
In order to assess the stability & control characteristics of the TU-ecoliner, a good first order estimate of the
center of gravity during several loading cases has to be made. For this, it is required to know with sufficient
accuracy how the internal cabin lay-out looks like, including seat arrangement and seat pitch. Also, the po-
sition of the cargo containers including their mass is of importance. Furthermore, the center of gravity for
several aircraft components has to be located in order to get an idea of the center of gravity of the operational
empty aircraft. For all this see Section 6.7.1.

From this data the wing position could be varied to see how this shifts the most forward and aft c.g., with
which the longitudinal wing position and required horizontal stabilizer surface area could be determined
taking into account stability and controllability requirements.

6.7.1. Center of Gravity
In this subsection the individual contributions for the total center of gravity will be discussed.

Operational Empty Weight
The starting point of the center of gravity determination, is the localization of the center of gravity of the un-
loaded aircraft, i.e. without fuel and payload. This has been done by considering all the separate components
from the Class II Weight Estimation which can be found in Section 6.1 and their respective center of gravity.

The component weights have also been taken from the Class II Weight Estimation, where the average values
from the used methods were considered 9. There are two groups that deserve some more attention in this
section, videlicet the landing gear group and the empennage group. Both groups consist of two separate
components, the nose and main landing gear and the horizontal and vertical stabilizer, respectively, each
having a different center of gravity. The weight of the nose landing gear has been assumed to be at 10% of the
total landing gear weight, and the main landing gear at 90% accordingly. For the empennage, the horizontal
stabilizer was assumed to contain a quarter of the total weight, hence the vertical stabilizer three quarters.
Even though this was a rough approximation, data from reference aircraft supports this.

For the components’ center of gravity relative to the nose of the aircraft, several other assumptions were
made. Those assumptions do not relate to the center of gravity of the components themselves, as those were
retrieved from [45], but rather from the longitudinal positioning of the components. A note has to be made
that also relates to the purpose of this stability and control analysis, which is that the longitudinal position
of some components have been fixed from the start, whilst the longitudinal wing position was regarded as a
variable at first. The positioning of the landing gears was regarded as an iteration product, depending on the
position of the most forward and most aft center of gravity. A total load carried by the nose landing gear of
in between 6% and 15% was adhered to for ground turning performance, whilst not disregarding the angle
in between the most aft center of gravity and the main landing gear for tip back constraints. The following
assumptions have been made regarding the fixed longitudinal positioning of some major components:

• The horizontal stabilizer has been positioned such that the longitudinal position of the most aft tip (i.e.
of the tip chord) coincided with the back of the fuselage. The longitudinal location of the center of
gravity would then follow from geometry.

• The vertical stabilizer has been placed such that the end of its MAC (MACv) coincided with the back of
the fuselage.

• For the engines, the longitudinal center of gravity position have been assumed to be in front of the
leading edge of the wing, to be more exact at a distance of 30% of the nacelle length in front of the
leading edge. As engine data about this c.g. position was hardly available, this position was used as it
was considered that the last 30% of the engine length would be below the wing, and the engine c.g. is
expected to be at less than 50% of the total engine length.

• The reasoning for the longitudinal c.g. position of the nacelle is analogous to the one for the engine,
however the nacelle c.g. could was found to be at around 40% the nacelle length [45].

• For the fixed equipment, the c.g. was at first assumed to coincide with the fuselage center of gravity.
Later on a scaling factor was applied to this, which was retrieved from a jet transport aircraft weight &
balance analysis in Roskam [21]. This shifted the longitudinal c.g. position of all fixed equipment about
1 meter in front of the fuselage c.g.

9A Torenbeek and a Roskam method were used and averaged to obtain the final component weights.
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In Table 6.22 all components are depicted with their respective weight, center of gravity and the moment they
create w.r.t. the nose of the aircraft. These values represent the values after the final wing placement has been
performed, and thus represent the final center of gravity locations for the designed aircraft.

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

Mass [kg] xcg [m] M [kg ·m]
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

Fuel
Section 7.2 will elaborate on the fuel tank positioning and will show how the fuel volume within the wing
was obtained. This tool that could determine the wing (fuel) volume has been consulted to find the spanwise
position at which half of the fuel is stored. Assuming a uniform fuel density yielded the spanwise c.g. position
of the fuel. Assuming a chordwise c.g. position of the fuel that lies exactly in between the two spars (hence,
in the middle of the fuel tank), the longitudinal position of the fuel center of gravity could conveniently be
calculated, following from geometry. This yielded a xcgfuel of 20.20 meters, or 0.47 of the MAC.

Payload
The location of the center of gravity of the payload of the aircraft depends on many variables. The main part
of the payload is represented by the passengers and all of their luggage. It is assumed here that every pas-
senger together with all of their luggage weighs 90 kg. Furthermore, it is assumed that the carry on luggage
has the same center of gravity location as the passenger it belongs to. All other passenger luggage is carried
in containers in the cargo compartment of the aircraft. The other type of payload the aircraft carries is belly
cargo. The aircraft is designed to be at maximum take-off weight with a passenger load factor of 94% and a
range of 1.800 km. This makes it unable to carry any additional cargo on these missions. Shorter range mis-
sions or lower passenger load factors means that there is a possibility of carrying additional belly cargo. This
cargo is evenly distributed over the belly of the aircraft and has a center of gravity location halfway through
the fuselage, which is made possible by the high wing configuration which ensures one continuous cargo bay
throughout the fuselage.

6.7.2. Loading Diagram
To clearly show the c.g. of the aircraft for different loading cases a loading diagram has been constructed. In
a loading diagram one can see what the aircraft loading consists of and in what order it is being loaded. This
loading diagram has been based upon the maximum capacity of passengers of 240 in a single class configu-
ration with a seat pitch of 28 inch. Normally in this condition there would be no weight left for cargo but a
less than usual amount of fuel is loaded to leave some weight available for additional cargo to show the effect
on the loading diagram. The loading diagram of the TU-ecoliner can be found in Figure 6.21.

The contribution of the cargo can be seen by the first dotted line going from the operational empty weight
center of gravity to the bottom of the first large so-called ’potato’. The cargo is loaded through standard
LD3-W45 containers of equal weight. These are loaded either back to front or front to rear. After this, the
contribution of the passengers that are loaded in a certain order is added. First, all the window seats are
filled. These are shown to be filled from the front to the rear and from rear to front. This can be seen by the
forward and aft side of the potato respectively, where the two lines meet to form the closed potato and where
the next potato starts from is when all window seat passengers are loaded. This process is then repeated
twice, first for the middle seats and then for the aisle seats. Once this is finished you arrive at the maximum
zero fuel weight (MZFW). Finally the fuel is added to get to the maximum take-off weight.
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The loading diagram shows that the most forward center of gravity that is obtained is 0.25 MAC and the most
aft center of gravity is 0.67 MAC. This means that the center of gravity range is 0.42 MAC or 1.29 m. The
maximum take-off weight center of gravity is at 0.54 MAC. One could argue that the center of gravity range
of the aircraft is slightly too much to the rear of the aircraft, when looking at the center of gravity location
expressed in MAC values. This, however, is caused by the fact that the main wing leading edge is quite far
forward at 18.75 m from the nose of the aircraft. Also, the wing has a high sweep angle of 32.9° and a relatively
short mean aerodynamic chord length of 3.08 m due to the high aspect ratio of the wing. These three factors
combined lead to the values of center of gravity location over mean aerodynamic chord having relatively high
values but compared to the total aircraft the centers of gravity are at a proper location. They are also well
inside of the bounds to ensure a stable and controllable aircraft with a reasonable tail volume.

The finished loading diagram shows the most forward and aft center of gravity the aircraft can encounter.
Before these values are taken to generate the stability diagram of the aircraft a stability margin of 0.02 MAC
is added to account for c.g. changes during operations such as people moving around in the aircraft. The
loading diagram shown here, has been plotted for the final wing position, so after making the scissor plot and
center of gravity range plot which will be explained in the next sections.

Figure 6.21: Loading diagram with a fuel weight of 5,000 kg and a cargo weight of 3,600 kg.

6.7.3. Scissor Plot
In Section 6.7.2 it can be seen how the c.g. would shift for a particular loading case. As mentioned in that
section, the presented loading diagram is for the final wing positioning, an output of the stability & control
analysis. How this was done, is shown in Section 6.7.4. A quintessential part of the analysis is the determi-
nation of the possible c.g. range, which has been done by generating a scissor plot. This scissor plot was
established through the use of a so-called "controllability curve" and a "stability curve", for which the equa-
tions are shown below in Equation 6.64 and 6.65, respectively:
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The derivations of these equations have been left out but can be found in [46]. For the reproducibility of the
plots, the two following subsections will briefly elaborate on the parameters involved in each of the equations.
Note that each of the equations presented have been retrieved from [46] [35], id. for some values that have
been checked and affirmed by professors of the faculty Aerospace Engineering.
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Controllability
The tail arm lh has been calculated by taking the distance between the center of gravity of the wing and the
horizontal stabilizer, which was an iterative process as the longitudinal wing position varied during the en-
tire analysis. The speed ratio Vh

V squared was taken as 0.85, considering the small vertical distance between
the main wing and the horizontal stabilizer. That raised the expectation that the horizontal stabilizer would
be partially in the wake of the main wing, lowering the incoming flow velocity. CLh was taken to be -0.8, as
the tail is adjustable. The moment coefficients around the aerodynamic center (Cmac ) have been calculated
before in Section 6.2.6, just as CLA−h . Finally, x̄ac have been calculated using Equation 6.66. x̄ac)w was deter-
mined graphically and found to be 0.35. Equation 6.67 and Equation 6.68 were used to correct for the fuselage
contribution. Finally, the nacelle contribution was calculated as shown in Equation 6.69.

x̄ac = (x̄ac )w f + (x̄ac )n (6.66)
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Stability
For the stability curve the only newly introduced parameters were the downwash gradient dε

dα , CLαh
and

CLαA−h
. These were calculated using Equation 6.70, Equation 6.72 and Equation 6.74, respectively.
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From the scissor plot is plotted as can be seen in Figure 6.22. Note that there are two stability curves - one
representing static stability and the other one including a static stability margin of 0.05 of the MAC, which
functions as a safety margin. The latter will thence be used to size the empennage and longitudinally position
the wing, on which the next section will elaborate further.
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Figure 6.22: Scissor plot showing the controllability curve and two stability curves: one static stability curve and one including a margin
of 0.05 MAC.

6.7.4. Empennage Sizing and Wing Placement
Using the center of gravity ranges for certain wing locations and the scissor plot, the location of the wing
and the empennage size can be determined. First of all, the location of the wing is set in such a way that the
center of gravity range of the aircraft falls within certain safety limits, for which 0.02 ·MAC has been added
to the most forward and most aft c.g. It should be located on sections of the wing mean aerodynamic chord
(MAC) to ensure the aircraft is stable and controllable during flight, this also limits the size of the empennage
as the forces required by the horizontal stabilizer to balance the aircraft do not need to be as large if the center
of gravity of the aircraft lies close to the aerodynamic center of the wing. Also the landing gear location is an
important parameter in determining the wing location. Having the center of gravity of the aircraft too far in
front of the main landing gear means that a very large tail is required to rotate the aircraft at take-off. Having
the center of gravity too close to the main gear or even behind it means that the aircraft could easily tip-over
backwards. A tip-back angle of 15° is held as a safe margin.

To size the horizontal tail two graphs were combined. One is the scissor plot and the other is the graph show-
ing the ranges of the center of gravity location with a varying wing location. This can be seen in Figure 6.23
These two plots are overlapped in such a way that the center of gravity range coincided as closely as possi-
ble to the stable and controllable region in the scissor plot. This means that with a certain wing location the
smallest amount of horizontal tail surface is required to ensure a stable and controllable aircraft. Taking these
factors into account together with the landing gear location requirement and shifting the two graphs relative
to each other led to a main wing location of 18.75 m from the nose of the aircraft or 42.5% of the fuselage
length. Overlapping the center of gravity ranges plot with the scissor plot gave a horizontal tail surface over
wing surface of 0.21 and a corresponding horizontal tail surface of 23.1 m2.
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Figure 6.23: Match of scissor plot and c.g. range plot.

6.7.5. Sensitivity Analysis
Now that the empennage has been sized and the wing placement determined, a sensitivity analysis is per-
formed as shown in Table 6.23. The change of the tail surface ratio and the position of the wing has been
found for four different variables; the lift ratio, the lift slope, the maximum cg range, and the position of the
cg. The results were written down for both 10% decrease and increase from the nominal values.

Table 6.23: Sensitivity analysis on the tail surface ratio and position of the wing with respect to cg variation and the lift and lift slope
coefficient fractions

Nominal Values
CLh /CLA−h CLαh

/CLαA−h

xcg shift
[MAC]

xcg range
[MAC]

-10% +10% -10% +10% -10% +10% -10% +10%
Sh/S 0.21 +9.5% -4.8% +4.8% -4.8% +4.8% -4.8% -9.5% +14.3%
Xlemac/lfus 0.425 -0.47% +0.71% +0.24% -0.47% -4.7% 3.5% +0.47% -0.24%

6.7.6. Verification and Validation
Proper detailed verification and validation on the stability and control of the aircraft is difficult as there is
hardly any data available for comparable aircraft and there is no ’answer sheet’ for the aircraft that has been
designed. Therefore, professors from the faculty of Aerospace Engineering have been consulted extensively
to see whether the results from one program or section made sense before these values were used as input
for another program or section. The programs themselves have been validated by using the data available
from existing aircraft to see whether they gave reasonable results when using the program that was used.
Furthermore the programs were verified by step-by-step manual calculations along the way to check that the
programs themselves worked properly.

Table 6.24: Comparison of horizontal tail area-surface area ratio and tail volume coefficient between different aircraft.

TU-ecoliner A319-100 A320-200 A321-200 A340-300 B757-200 B777-300
Sh
S 0.210 0.25310 0.25310 0.25310 0.20110 0.27011 0.23712

Sh·lh
S·c̄ 1.495 0.68910 0.79910 0.95710 0.79110 0.95711 0.89112

lh
lfus

0.497 0.34510 0.36010 0.36410 0.45810 0.40411 0.45212

10https://booksite.elsevier.com/9780340741528/appendices/data-a/table-1/table.htm [cited on 26 June 2018]
11https://booksite.elsevier.com/9780340741528/appendices/data-a/table-3/table.htm [cited on 26 June 2018]
12https://booksite.elsevier.com/9780340741528/appendices/data-a/table-4/table.htm [cited on 26 June 2018]

https://booksite.elsevier.com/9780340741528/appendices/data-a/table-1/table.htm
https://booksite.elsevier.com/9780340741528/appendices/data-a/table-3/table.htm
https://booksite.elsevier.com/9780340741528/appendices/data-a/table-4/table.htm
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As can be seen in Table 6.24, data have been collected about the horizontal tail area-surface area ratio, the
horizontal tail volume coefficient and the ratio of the tail arm and fuselage length for different transport jets
for which this data was available. The data serves as a validation method to see whether the obtained results
relate to other transport jets and if not, if and how this could be explained.

The obtained Sh
S turned out to be lower than most reference aircraft. Also the horizontal tail volume coef-

ficient is 50% higher than the second highest value, even though Sh
S is lower for the TU-ecoliner. The con-

clusion from this is that c̄, or the Mean Aerodynamic Chord, causes the coefficient to be so far off, which on
its turn is due to the high aspect ratio in combination with the high aspect ratio wing. Lowering the aspect
ratio to 9 resulted in a horizontal tail volume coefficient of 0.993, which is in line with the data from reference
aircraft.

The major cause of the relatively low Sh
S is also due to the high aspect ratio, of which the effect could be seen

in Equation 6.70. Changing the aspect ratio from 14 to 9 increases the downwash gradient by 36%, which
could be reasoned by the fact that lowering aspect ratio increases the chord near the tip13. Hence more air
is pushed downwards resulting in a higher downwash gradient. Here the high aspect ratio as adopted on the
TU-ecoliner shows one of its potentials: the horizontal stabilizer is considerably more effective and could
thus be made smaller. From the created tool it turned out that with an aspect ratio of 9 the ratio Sh

S would
become 0.24, which is again in line with reference aircraft.

6.8. Empennage Design
The empennage encompasses two main control surfaces, the horizontal tail and the vertical tail, and is placed
at the back of the aircraft. For the TU-ecoliner a conventional tail was specified. The conventional tail de-
sign allows the horizontal tail surface to stay out the most severe downwash flow from the main wing, while
reducing weight and drag compared to T-tail [47] [29]. The sizing of the horizontal tail based on the stability
and controllability of the aircraft has already been conducted in Subsection 6.7.4. A more detailed design of
the horizontal tail will be presented next. Afterwards, the vertical tail will be sized and designed.

6.8.1. Horizontal Tail
The surface area for the horizontal tail was determined to be 23.1m2 in Subsection 6.7.4. The optimal aspect
ratio was determined to be 4. From statistical methods an aspect ratio of 5 was determined for this class of
aircraft [47]. However, in order to prevent the engine exhaust flow from interfering with the horizontal tail,
the aspect ratio was lowered. This results in a horizontal tail with a span 9.61 m, that stays clear of the engine
exhaust. Moreover, the taper ratio was determined to be 0.33, based on a statistical relation from [47]. This
results in a root chord of 3.61 m and tip chord 1.19 m. The mean aerodynamic chord for the horizontal tail
equals 2.61 m.

6.8.2. Vertical Tail
The vertical tail surface area was determined to be 21.59 m2, using a statistical relation from [47]. Moreover,
the aspect ratio and taper of the vertical tail were determined using similar relations from [47]. The aspect
ratio equals 1.8 and the taper ratio is set at 0.34. The overall tail height equals 6.23 m with a root chord of 5.17
m and tip chord of 1.76 m. This brings the mean aerodynamic chord to 3.74 m.

13In here it is assumed that the wing surface area remained the same
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6.9. Internal Configuration
In Figure 6.24, the internal dimensions of the cabin and cargo bay are shown. It can be seen that the dimen-
sions of the cabin permit to place six seats abreast using a seat width of 17 in (43 cm) leaving an aisle width of
24 in (61 cm). In longitudinal direction, the cabin is 34.4 m long and it contains 40 rows of seats, each with a
seat pitch of 29 in (74 cm). With an aisle height of 2.19 m, their is no problem even for the tallest passengers.
The cargo bay was dimensioned as seen in Figure 6.24 in order to fit the LD3-45W cargo container. The cargo

bay is long enough to fit over 10 of these containers as stipulated in the requirements.

Figure 6.24: Internal dimensions of cabin and cargo bay

6.10. Summary of Design Characteristics
For each component of the TU-ecoliner, a table including a summary of important design characteristics is
presented. Tables 6.25, 6.26, 6.27, 6.28 and 6.29 summarize the design of the aircraft in general, the fuse-
lage, wing, empennage and engines and landing gear, respectively. Figures 6.25, 6.26 and 6.27 illustrate the
TU-ecoliner’s side, top and front views, respectively. Finally, in Table 6.30, a summary of the aerodynamic
characteristics of the TU-ecoliner can be found.

Table 6.25: Summary of General Design Characteristics

Symbol Value Unit
TU-ecoliner

Pilots 2 -
Cabin Crew 5 -
Passengers 240 -
OEW 37,934 kg
MTOW 67,834 kg
MLW 62,366 kg
Fuelmax [1] 12,161 kg
Fueldesign 9,530 kg
Payloadmax [1] 21,600 kg
Payloaddesign 20,375 kg
Vcruise 0.79 Mach
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Table 6.26: Summary of Fuselage Design Characteristics

Symbol Value Unit Symbol Value Unit Symbol Value Unit
Fuselage: Exterior Fuselage: Interior Fuselage: Structure

dext 3.80 m dint 3.48 m material QI-CFRP -
lfus 44.85 m hcabin 2.00 m tskin 1.00 mm
lcockpit 4.00 m wcabin 3.40 m nstring 83 -
lnosecone 6.00 m lcabin 33.70 m
ltailcone 14.80 m wcargo 2.50 m
ltail 6.40 m hcargo 1.18 m

lcargo 15.30 m

Figure 6.25: TU-ecoliner side profile

Table 6.27: Summary of Wing and Strut Design Characteristics

Symbol Value Unit Symbol Value Unit Symbol Value Unit
Wing: Planform Wing: Structure Strut

S 110 m2 airfoil SC20-612 - airfoil NASA 16-021 -
A 14 - material QI CFRP - material Al 7075-T6 -
bw 39.24 m tskin 27 mm lstrut 7.27 m
λ 0.29 - xspar1 20 %c t/c 21 %
Λ c

4
31.3 ° xspar2 65 %c c 451 mm

dihedral -2 ° tspar 10 mm
cr 4.34 m
ct 1.26 m
MAC 3.08 m
XLEMAC 18.75 m
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Figure 6.26: TU-ecoliner planform

Table 6.28: Summary of Empennage Design Characteristics

Symbol Value Unit Symbol Value Unit
Horizontal Tail Vertical Tail

Sh 23.1 m2 Sv 21.6 m2

Ah 4 m Av 1.8 m
bh 9.61 m bh 6.23 m
λh 0.33 - λv 0.34 -
ΛLE 55 ° ΛLE 48 °
crh 3.61 m crv 5.17 m
cth 1.19 m ctv 1.76 m
MACh 2.61 m MACv 3.74 m
xLEMACh 40.93 m xLEMACv 40.94 m
material Al 7075-T6 -
tskinh 1 mm
tsparh 6 mm
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Table 6.29: Summary of Engine and Landing Gear Design Characteristics

Symbol Value Unit Symbol Value Unit
Engine and Nacelle Landing Gear

Tmax 106.50 kN xnlg 4.50 m
leng 3.07 m xmlg 21.40 m
W 2,238.91 kg ymlg 6.50 m
BypassRatio 14 - hmlg 1.50 m
dfan 1.87 m scrapeback angle 9.5 °
dnosecowl 2.03 m tipback angle 15 °
yeng 12.60 m tipoverangle 63 °

Figure 6.27: TU-ecoliner front view

Table 6.30: Summary of Aerodynamic Characteristics

Parameter Clean cruise Clean low speed Landing flapped Take-off flapped
CLdesign 0.66 - - -
αtrim [deg] 3.3 - - -
Cmac -1.009 - - -
CLmax 1.04 1.45 2.9 2.2
αstall [deg] 9.4 17.0 18.0 16.9
CLα [rad−1] 5.89 4.69 5.99 5.66
CD0 0.0131 0.0131 0.0974 0.0346



7
System Analysis

In this chapter, first the cabin environmental control was discussed in Section 7.1. After that, in Section 7.2,
the fuel system is elaborated upon. Later, the hydraulic system is depicted in Section 7.3. Finally, in Section
7.4, the electrical system is discussed.

7.1. Cabin Environmental Control
To ensure a safe and comfortable cabin environment, certain consequences of flying at high altitudes need
to be taken into account. First of all, it is impossible for humans to survive on ambient air at high altitudes.
Therefore, a cabin pressurization system must be installed to ensure there is enough oxygen in the cabin for
the passengers to breathe normally. Even though the cabin is made of CFRP, which is stiffer than the alu-
minum of previous generation aircraft, the cabin pressure altitude will not be reduced. A standard cabin
altitude of 8,000 ft will be sustained on board of the aircraft. This is because the fuselage can then be made
thinner which reduces the weight of the aircraft. Also, typical flights of the aircraft only last a few hours which
means it makes less of a difference in comfort levels experienced by the passengers if the cabin pressure is
slightly higher. In case the pressurization system fails there is an emergency oxygen tank on board with suffi-
cient oxygen to give the pilots ample time to dive to a safe altitude. Next to the low ambient pressure at high
altitudes, the outside air temperature at 39,000 ft is −56.5◦ C. As the aircraft should also be able to operate in
hot environments with temperatures reaching 50◦ C, the aircraft should also have an air conditioning system
capable of supporting a moderate inside climate under these extreme outside conditions.

As will be further discussed in Subsection 7.4.2, the APU will be removed. That means that the APU will not
be available to provide bleed air for the air conditioning. Therefore, while the aircraft is at the gate it must be
connected to an external air conditioning air supply. In order to provide a reliable supply of fresh air to the
cabin, an additional secondary auxiliary air conditioning connector will be included on the aircraft.

7.2. Fuel System
The fuel system is a vital system to any modern airliner. Therefore, a high level of redundancy has been
implemented. A schematic overview of the fuel system is presented in Figure 7.1. The figure presents the
overview of the three main fuel tanks that can be identified. These main fuel tanks are the left and right wing
fuel tank and the trim tank located in the horizontal tail. The fuel tanks located in the wings will be subdivided
into four smaller fuel tanks in order to manage the balance and stability of the aircraft. An overview of all nine
fuel tanks is provided in Figure 7.2.

The TU-ecoliner will be able to carry a maximum fuel weight of 12,161 kg of Jet A-1 fuel. With a fuel density1

of 810 kg/m3, the total fuel volume to be carried on board equals 15,013 L. With the wing planform and airfoil
as presented in Section 6.4.2, the total wing volume available for fuel storage has been calculated to equal
15,310 L. The two wing fuel tanks combined will house 14,500 L of fuel, while the remaining 513 L will be
housed in the trim tank. Consequently, each main wing fuel tank will be able to carry 7,250 L of fuel.

1https://www.exxonmobil.com/en/aviation/products-and-services/products/jet-a-jet-a-1 [cited 13 June 2018]
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As can be seen from Figure 7.1, an intricate and redundant fuel system has been designed for the aircraft. The
fuel system features three fuel distribution networks, the red, blue and purple systems. These provide a high
level of redundancy and allow each of the engines to still be supplied with fuel if two of the fuel systems fail.
The system has no single points of failure. Furthermore, it can be seen that, the fuel pumps, indicated with
’P’ will be housed in the fuel tanks. These pumps will pressurize the entire system. The fuel valves, indicated
with ’V’, allow for full control of the fuel system. Moreover, the system features two refueling couplings, indi-
cated with ’R1’ and ’R3’ in Figure 7.1, one underneath each wing. The system also features two fuel dumping
nozzles, indicated by ’R2’ and ’R4’, in order to be able to dump fuel quickly in case of an aborted flight. This
fuel jettison system allows the aircraft to attain its maximum landing weight quickly in case of emergency.

Figure 7.1: Fuel system layout

Figure 7.2: Overview of the fuel tank layout
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7.3. Hydraulic System
The hydraulic system provides power to the main flight controls. As these controls are essential to the control
and safety of the aircraft, a high level of redundancy is required. As such, the system has been designed to
not have a single point of failure in the power supply of the most critical flight control. In order to provide
such a level of redundancy, the hydraulic comprises three completely separate subsystems, the left, center
and right system. Each system provides hydraulic power to specific flight controls, this is presented in Table
7.1. As can be seen from this table, the ailerons, elevators, flaps, main landing gears and nose landing gear
are all powered by two different systems. The slats, spoilers and trim tab are considered less critical to the
controllability of the aircraft and will therefore be powered by the center system only. This choice has been
made in order to save weight from the overall system.

Figure 7.3 provides a schematic overview of the full hydraulic system and how its main components are inte-
grated into the aircraft. In the figure, the left system is indicated with green, the center system is presented in
blue and the right system is depicted in red. Since the center system covers all hydraulically powered systems
throughout the aircraft, it spans along both the full fuselage and the wings. The left and right systems only
span part of the aircraft.

The circles presented in Figure 7.3 represent the hydraulic motors. Since the aircraft is considered a more-
electric aircraft, the hydraulic power will be generated using electrically powered hydraulic motors. How
these motors are integrated into the electrical system is explained in Subsection 7.4. From Figure 7.3 it is
evident the center system will be powered by two hydraulic motors located in the empennage. From the
empennage hydraulic hoses will be carried throughout the fuselage floor, through the struts and along the
leading edge of the wings. Since fewer systems rely upon hydraulic power supplied by the left and right
systems, they will be powered by just one hydraulic motor. Both the left and right hydraulic motor will be
located in the central box directly above the fuselage. The pressurized hydraulic fluid will be carried through
hoses running along the rear spar of the wings and the roof of the fuselage. The separation of the center, left
and right systems has been included in order to provide an additional level of redundancy.

During normal operation, the left wing systems will be powered by the left hydraulic system and the right
wing systems will be powered by the right hydraulic system. The central hydraulic system will merely power
the empennage and landing gear systems during normal operation. In addition to the hydraulic systems, also
two electrical actuators provide extra redundancy levels.

Table 7.1: Hydraulic system division

Left system Center system Right system Electrical actuators
Aileron Left X X 2

Right X X 2
Rudder X X 2
Elevator Left X X 2

Right X X 2
Flaps Left X X 2

Right X X 2
Slats X 2
Spoilers X 2
Trim tab X 2
Nose gear X X 2
Main gear Left X X 2

Right X X 2
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Figure 7.3: Schematic overview of the hydraulic system

7.4. Electrical System
The electrical system for the aircraft will be presented in three distinct parts. First, the general system layout
will be discussed, including the electrical block diagram. Next, the removal of the APU will be explained and
justified. Moreover, the new electric green taxiing system will be elaborated upon. Finally, a rough power
estimate is presented.

7.4.1. Electrical Block Diagram
The electrical system provides electrical power to almost all subsystems, sensors and instruments of the air-
craft. The system is vital to the operation of the aircraft, especially in the case of this more-electric aircraft. A
schematic overview of the system is presented in Figure 7.4. The figure presents all power sources in purple
and all non-critical electrical systems in green boxes.

As can be seen from the figure, there are a total of ten possible power sources that provide a constant reliable
and redundant power supply. First, the system features four generators, two on each engine. The generators
provide all electrical power during normal flight operation. In case all generators fail mid-flight, two back-up
batteries are available to power the most critical systems. The two batteries will be placed separate from each
other in order to obtain a higher level of redundancy. In case both the generators and batteries fail, a ram air
turbine (RAT) is available to power a few vital systems.

After the aircraft has landed, a battery cart will be attached automatically to allow for electric taxiing. After
the aircraft has arrived at the gate, auxiliary power will be attached to one or both of the auxiliary power ports
located on the left side of the aircraft. Both a forward auxiliary power port, located close to the nose of the
aircraft, and an aft auxiliary power port, located near the start of the tail cone, will be available to allow for a
redundant ground power supply.

Power distribution will be handled by two main power distribution buses, the forward power distribution bus
and the central power distribution bus. It was chosen to use two distribution buses to save weight that would
be induced by the additional wiring that would be required with only one bus. The forward distribution bus
will be located directly underneath the cockpit and mainly handles the flight control and flight data system.
It also handles the cabin comfort systems and the cargo door actuator system. The central distribution bus
will be located in the cargo compartment and mainly handles the electrical wing systems, the electric taxiing
system, fuel system, hydraulic system and the environmental control systems.
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In Figure 7.4 two electrical systems are presented, the red system and the blue system. The red system is
the full primary electrical distribution network that will be active during normal operation. The blue system
provides an additional level of redundancy for the connections between the power sources and the distribu-
tion buses. For the clarity of the diagram the blue system is not worked out completely. However, it may be
assumed that the red lines connecting the black boxes feature a full secondary redundant connection as well.
In order to save weight no additional redundancy system will be provided to the green non-critical systems.

7.4.2. Removal of the APU
From Figure 7.4 it is evident that the aircraft’s electrical system does not feature an auxiliary power unit (APU).
It was chosen to remove the APU in order to save weight and reduce ground emissions.

Studies have found that for an Airbus A320 removing the APU could shave up to 630 kg from the MTOW [48],
not accounting for the saved fuel. The APU is used during three flight phases, namely ground operations,
climb and descent. Taking into account an average turnaround time of about 30 minutes, 20 minutes climb
and 28 minutes descent and an APU fuel usage of 2 kg per minute, an additional 150 kg of fuel is saved. How-
ever, during climb and descent, the engines will have to deliver additional power so they will consume more
fuel. As aircraft already have an emergency battery unit [49], only additional ground power should be pro-
vided. With removing the APU one of the four redundancies (two engines, APU, ram air turbine, emergency
batteries) of an aircraft is removed. To restore this, a second battery unit of 25.5 kg is added, doubling the ca-
pacity. These batteries are purely for emergency cases and are not intended to replace the APU. The engines
are able to provide all the necessary power. Taking of all this into account, removing the APU saves 664.5 kg
from an A320 like aircraft. Moreover, the APU produces 19% of all ground level emissions [48]. Removing it
will save those, as well as noise normally produced by the APU.

In order to account for the required additional ground power, a second ground power connection point has
been incorporated into the electrical system. This provides an additional level of redundancy and reduced
load for the auxiliary power connectors. The APU is normally also responsible for providing air conditioning
while the aircraft is stationed at the gate. This problem will also be resolved by an auxiliary ground system, as
explained in 7.1.

7.4.3. Electric Green Taxiing System
The TU-ecoliner will feature an electric green taxiing system (EGTS). The EGTS system is a system in which
taxiing is performed electrically, using electric motors on the landing gears. This means that the main engines
will not be running, which can save a significant amount of fuel and emissions while also lowering the noise
level on and around the airport. The EGTS system can save up to 21% of the ground level emissions of an
aircraft [48]. Moreover, since the engines are inoperative during taxiing, no sound is produced so the noise
level decreases significantly. Furthermore, no fuel is used for taxiing. An estimated 600 kg of fuel could be
saved per aircraft per day, taking into account that an aircraft on short and medium distance routes taxis
2.5 hours per day2. Translated to a per flight basis, with an average of 20 minutes taxi time, 80 kg of fuel is
saved. The EGTS system itself weighs only 300 kg, so for a minor weight penalty (220 kg net) better noise and
emissions performance can be achieved.

An EGTS system has already been developed and tested by Safran and Honeywell3 4 5, a next-generation bat-
tery powered version of this system will be implemented on the aircraft. The system will feature two electric
motors, one on each of the inner wheels of the main landing gear. These motors will allow the aircraft to be
accelerated to a speed of 20 knots. Moreover using EGTS, the aircraft will be able reverse away from the gate
without a push-back tractor and reduce the chance of engine damage caused by foreign object debris. Finally,
the electric motors will feature a kinetic energy recovery system, which will cause the motors to partially slow
down the aircraft during landing and ground operations while generating electric energy to be stored in the
aircraft batteries. This will allow for smaller brakes and lighter brakes to be implemented and it allows the
kinetic energy to be reused.

2https://www.ainonline.com/aviation%2Dnews/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%
2Delectric%2Dtaxiing%2Dsystem%2Dairlines [cited 21 May 2018]

3https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%
2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell [cited 16 May 2018]

4https://www.flightglobal.com/news/articles/farnborough-honeywell-and-safran-halt-electric-tax-427400/
[cited 16 May 2018]

5https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%
2Delectric%2Dtaxiing%2Dsystem%2Dairlines [cited 17 May 2018]

https://www.ainonline.com/aviation%2Dnews/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
https://www.ainonline.com/aviation%2Dnews/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell
https://www.safran-Dgroup.com/media/20120209_easyjet%2Dfirst%2Dairline%2Dtrial%2Delectric%2Dgreen%2Dtaxiing%2Dsystem%2Dsafran%2Dand%2Dhoneywell
https://www.flightglobal.com/news/articles/farnborough-honeywell-and-safran-halt-electric-tax-427400/
https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
https://www.ainonline.com/aviation-news/air%2Dtransport/2013%2D06%2D18/honeywell%2Dsafran%2Ddemo%2Delectric%2Dtaxiing%2Dsystem%2Dairlines
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As already mentioned in Section 5.4, the EGTS system will be provided with energy by means of an au-
tonomous electric battery-filled cart that is to be attached during taxiing. This cart will be connected shortly
after landing in order to provide the power for taxiing to the gate. At the gate, the cart will charge alongside the
aircraft using external power supply from the airport mains. When the aircraft leaves, the cart again provides
power for taxiing to the runway. Shortly before entering the runway the engines are started and warmed-up
and the cart is disconnected. The cart then autonomously returns to a charging station on the airport, ready
to be used for the next aircraft.

Using the fact that 80 kg of fuel will be saved per flight, the energy usage of the system and the battery cart
capacity can be estimated. A kilogram of Jet-A fuel can roughly release 42.8 MJ6. Consequently, 80 kg of Jet-A
fuel contains roughly 3.42 GJ. Assuming the 25% of the energy released will be used effectively, 856 MJ should
be provided to the aircraft while taxiing. Assuming that the aircraft taxis around 20 minutes per flight, it can
be determined that the system consumes about 713 kW of power.

Current state-of-the-art lithium-ion batteries have an energy storage capacity of about 175 Wh/kg7 or 0.63
MJ/kg. Assuming that 85% of the energy saved in the battery can be effectively used, the effective energy
capacity reduces to 0.536 MJ/kg. Consequently, a 1,598.5 kg battery is required for the EGTS. Since the cart
will also have to return back to base and taxiing times might increase in case of heavy airport congestion,
a safety factor of 1.2 will be implemented to the battery cart energy storage capacity. This brings the total
battery weight for the cart to roughly 1,918.2 kg.

7.4.4. Power Estimation
As mentioned before, the aircraft to be designed will be a more-electric aircraft. This means that major sys-
tems will be powered by electric power instead of hydraulic or pneumatic power. For obvious reasons the
electric power required by more-electric aircraft is significantly higher than for a regular aircraft. The Boeing
787 is a recent example of the trend that the electric power usage of civil aircraft keeps growing since electrical
power systems continuously replace complex and heavy systems such as the bleed air systems8. Therefore,
the Boeing 787-9 will be used as a baseline for this power estimation.

Three main contributors to the power budget have been identified, the environmental control system (ECS),
the electric motor pumps and the wing anti-icing system. All of these systems used to be hydraulically or
pneumatically powered but will be electric in this aircraft. In the Boeing 787-9, the ECS uses around 500 kW
of power to pressurize and temperature control a fuselage with a volume of 1,324.3m39 [50]. Scaling this to a
fuselage volume of 366.3m3, the estimated power consumption of the ECS equals 138.3 kW.

The electric motor pumps on the Boeing 787 consume about 400 kW of power in order to power the hydraulic
and fuel systems [50]. Since our aircraft uses a similar hydraulic and fuel system set-up and has the same
number of engines as the Boeing 787, the electric motor pumps are also expected to consume 400 kW of
power.

The wing anti-icing system on the Boeing 787 is also performed electrically. The system uses around 100 kW
of power [50]. Since the anti-icing system is Incorporated into the wing leading edge, the power consumption
is scaled using the ratio of wing spans. The Boeing 787-9 has a wing span10 of 60.17 m, while the TU-ecoliner
has a wing span of 39.24 m. Therefore, the power consumed by the wing anti-icing system is estimated to be
65.22 kW.

6https://hypertextbook.com/facts/2003/EvelynGofman.shtml [cite 28 June 2018]
7http://batteryuniversity.com/index.php/learn/article/types_of_lithium_ion [cited 28 June 2018]
8http://aviationweek.com/electrical-power-systems/part-2-source-all-aircraft-power [cited 24 May 2018]
9https://www.globalair.com/aircraft-for-sale/Specifications?specid=1535 [cited 18 June 2018]
10https://www.boeing.com/commercial/787/by-design/#/787-9-characteristics [cited 28 June 2018]

https://hypertextbook.com/facts/2003/EvelynGofman.shtml
http://batteryuniversity.com/index.php/learn/article/types_of_lithium_ion
http://aviationweek.com/electrical-power-systems/part-2-source-all-aircraft-power
https://www.globalair.com/aircraft-for-sale/Specifications?specid=1535
https://www.boeing.com/commercial/787/by-design/#/787-9-characteristics
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Figure 7.4: Schematic overview of the electrical system



8
Final Design Analysis

In this chapter, the final design analysis will be discussed. First, a performance analysis will be performed in
Section 8.1. Next, the aircraft noise will be analyzed in Section 8.2 and the emissions will be analyzed in Sec-
tion 8.3. In Section 8.4, the reliability, maintainability, availability and safety of the aircraft will be elaborated
upon. The financial aspect of the project is discussed in Section 8.5. Section 8.6 presents the risk assessment.
Finally, Section 8.7 presents the resource budget breakdown.

8.1. Performance Analysis
The following section will describe the performance of the TU-ecoliner. Subsection 8.1.1 will start with de-
scribing the take-off performance along with the landing performance in Subsection 8.1.2. Moreover, the
second segment climb performance is analyzed in Subsection 8.1.4. Finally, the climbing performance of the
aircraft is discussed in Subsection 8.1.5.

8.1.1. Take-off Performance
The take-off performance of the aircraft is assessed based on a method as described by Jenkinson [8]. The
take-off analysis consists of three parts: ground roll, transition to climb and climb to screen height. The air-
craft starts at rest and accelerates along the runway until the stall speed (VS) is passed. At the lift-off speed
(VLOF), which is larger than the stall speed (VS), the aircraft can lift off the ground and climb until the screen
height of 35 ft, as prescribed by the CS-25 regulations [6] is reached. Each phase of the take-off will be ana-
lyzed in the following sub-subsections.

Ground roll
The forces on the aircraft during the ground roll are depicted in Figure 8.1.

Figure 8.1: Forces acting on the aircraft during the take-off roll [8]
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Solving these forces results in Equations 8.1 and 8.2. These can be combined, resulting in Equation 8.3.

T = D +MT OW (dV /d t )+µR (8.1)

R = M g −L (8.2)

MT OW · (dV /d t ) = T −D −µ(MT OW · g −L) (8.3)

In these equations MTOW is the aircraft maximum take-off mass, dV
dt is the aircraft acceleration, µ is the

runway coefficient of friction, R is the undercarriage reaction force (Mg−L) and g are the gravitational accel-
eration. The runway coefficient of friction during the ground roll is assumed to be 0.02 [8]. Using the aircraft’s
drag polar and the equations for lift and drag, equation 8.4 is obtained.

dV

d t
= g

[
T

MT OW
−µ+

( ρ

2MT OW /S

)(−CD −µCL
)]

(8.4)

The ground run is determined by the integral of
[( 1

2a

)
dV2

]
from 0 up to the lift of speed, VLOF. Moreover,

it is assumed that the CL will be constant and the lift will be proportional to V2. This is justified because the
aircraft incidence angle will be constant during the majority of the ground run [8]. A mean value for the thrust
at speed of 0.707·V is used since the variation of the take-off thrust with speed is approximately linear [8]. The
variation of thrust with speed is taken into account using the equation 8.5 as obtained from [47]. In which Fn

is the net thrust and Fg is the gross thrust. From these two constants, KT and KA can be defined.

Fn

Fg
= 1−2 ·M

1+β
3+2β

(8.5)

KT = T

MT OW
−µ (8.6)

K A = ρ (−CD −µCL)

2MT OW /S
(8.7)

Substituting Equations 8.6 and 8.7 into Equation 8.4 and integrating between 0 and VLOF results in Equation
8.8 for the ground roll distance.

sGt akeo f f =
1

2g K A
· ln

(
KT +K A ·V 2

LOF

KT

)
(8.8)

Transition to Climb
After the ground roll, the aircraft accelerates from VLOF to V2, the take-off climb speed. During the transition
phase it is assumed that the aircraft flies at 0.9 ·CLMax and that the average speed in this phase is determined
using Equation 8.9. Where, VTRANS is taken to be 1.15 times the stall speed in take-off configuration. Further-
more, it is assumed that the aircraft flies along an arc, as depicted in Figure 8.2.

VT R AN S = VLOF +V2

2
(8.9)

Figure 8.2: Forces acting on the aircraft during the transition phase of the take-off [8]
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Taking the force equilibrium normal to the flight path results in Equation 8.10. Where r is the radius of the
arc. In this manoeuvre a load factor ’n’ can be defined by Equation 8.11. The load factor is taken to be 1.2.
Substituting Equation 8.10 into Equation 8.11 results in Equation 8.12 for small angles (cos(θ) = 1.0). The
ground distance reached during the transition phase is then given by Equation 8.13, in which γ is the final
climb gradient.

L = MT OW · g · cos(θ)+ MT OW ·V 2
T R AN S

r
(8.10)

n = L

MT OW · g
(8.11)

r = V 2
T R AN S

g (n −1)
(8.12)

sT = r ·γ (8.13)

A first order estimate of the lift coefficient during the climb phase is obtained using Equation 8.14 [8]. From
this equation, the drag coefficient during climb can be determined using Equation 8.15, leading to the drag
during the climb phase determined by Equation 8.16. The climb gradient γ is then obtained using Equation
8.17, in which the net thrust is determined using Equation 8.5.

CLcl i mb =
CLmaxt ake−o f f

1.22 (8.14)

CDcl i mb =CD0cl i mb
+ (CLcl i mb )2

(π · A ·e)
(8.15)

Dcl i mb =CDcl i mb ·
1

2
·ρ ·V 2

2 ·S (8.16)

γ= Net thrust−Dcl i mb

MT OW
(8.17)

Climb
The final part of the take-off run of the aircraft is the climb to the screen height of 35ft, as prescribed by the
CS-25 (CS-25.107) [6]. The distance reached from the end of the transition to the screen height is defined by
the Equation 8.18. In which sC is the ground distance to the screen height from the end of the transition, ht

is the height at the end of the transition given by: r·θ·θ
2 and γC being the climb angle. A typical climb angle

during take-off is 4.5 ◦. However, it is possible that the screen height is already reached during the transition
phase. The distance to the screen height is then computed using Equation 8.19. The total distance is finally
multiplied by 1.15 to account for operational variabilities as prescribed by the CS-25 regulations (CS-25.113)
[6].

sC = scr eenhei g ht −ht

t an(γC )
(8.18)

Ss = [(r + scr eenhei g ht )2 − r 2]0.5 (8.19)

Take-off Analysis Inputs and Results
As discussed in the preceding sub-subsections, different speeds are defined in the analysis of the take-off
performance of the aircraft. These are summarized and tabulated in Table 8.1. The method, as described
in the preceding sub-subsections, resulted in a take-off distance of 1,673 m. This is the take-off distance at
sea-level conditions. The input data used in the take-off performance analysis are tabulated in Table 8.2.
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Table 8.1: Speeds as defined in the take-off performance analysis

Speed Determined from Value [kts]
VSto (stall speed) - 131
VLOF (Lift off speed) 1.1 ·VSto 144
V2 1.2 ·VSto 157

Table 8.2: Input data used for take-off performance analysis

Value
Maximum take-off mass [kg] 68,731
Wing area [m2] 110
Aspect Ratio 14
CLmax−take−off 2.2
CLtake−off 1.1
CLclimb 1.5
CD0take−off

0.035

CD0climb
0.030

CDclimb 0.113
Oswald efficiency factor 0.727
Screen height take-off [6] [m] 11
Rolling coefficient [8] 0.02
Take-off climb angle [◦] 4.5
Take-off static thrust [kN] 213
Load factor during take-off 1.2

From the obtained results it is clear that the thrust of the engines can be reduced. Decreasing the thrust with
10% increases the take-off length to 1,851 m. However, due to time constraints there was no time to perform
an additional iteration with respect to the engine thrust.

Verification & Validation
The Python program made to analyze the take-off performance is verified by implementing known aircraft
data, followed by the assessment of the obtained results. The aircraft data is obtained from Jenkinson [8]. The
driving aircraft parameters and the take-off performance analysis results are tabulated in Table 8.3. It clear
that the simulation results in highly accurate results and is therefore verified.

Table 8.3: Take-off performance verification inputs and outputs

Speed Aircraft data from Jenkinson Results from simulation Difference [%]
Maximum Take-off mass [kg] 230,000 - -
Wing area [m2] 376.4 - -
CLMax take−off 1.75 - -
CDtake−off 0.035 + 0.05 C2

L - -
Vstall [m/s] 74.70 74.77 0.094
VLOF [m/s] 82.20 82.25 0.06
Take-off distance [m] 2,150 2,162 0.56
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The obtained take-off distance and speeds were validated by comparison with reference aircraft. The aircraft
considered in the validation are the following: A319-100,A320-200, A321-200, A330-200, A330-300, A340-200,
A340-300, 717-200, 727-200Adv, 737-200, 737-300, 737-400, 737-500, BAe RJ70, BAe RJ85, BAe RJ100, BAe
RJ115, EMB-145, Fokker F70 and the Fokker F100 1. Figure 8.3 depicts the take-off length and MTOW of refer-
ence aircraft and the TU-ecoliner (the red dot). It is evident that the TU-ecoliner performs average compared
to reference aircraft. With respect to the Airbus A321neo TU-ecoliner requires 35% less runway length for
take-off, as the Airbus A321neo needs around 2300 m 2

Figure 8.3: Take-off length of the designed aircraft and reference aircraft

Figure 8.4: Take-off climb speed (V2) of the designed aircraft and reference aircraft

1Aircraft data is obtained from https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm [cited 21
June 2018]

2http://janes.ihs.com [cited 23 June 2018]

https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm
http://janes.ihs.com
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With respect to the take-off climb speed, as depicted in Figure 8.4, it can be seen that the obtained result
for the TU-ecoliner is comparable to reference aircraft but still on the higher side. This is mainly caused
by the smaller wing area. Increasing the CLmax slightly can lower the take-off climb speed. However after
investigating the accelerations during take-off, it was decided to aim at an average acceleration during take-
off of around 0.25g. Furthermore, reference aircraft reach CLmax values for take-off of around 2.5 3, which
means that a CLmax of 2.2 is reasonable.

8.1.2. Landing Performance
The landing performance of the aircraft is also analyzed using a method described by Jenkinson [8]. In this
method the landing is divided into three segments/phases: the approach, flare and the ground roll. The
landing manoeuvre is depicted in Figure 8.5. The analysis of each phase will be discussed in the following
sub-subsections.

Figure 8.5: Landing performance [8]

Approach
The approach phase is defined to start at the screen height of 50 ft, as prescribed by the CS-25 [6]. It ends at
the flare height hF, as can be seen in Figure 8.5. The value of the flare height is given by Equation 8.20. In
which γA is the approach gradient. In the simulation the approach gradient is taken to be 3◦. The approach
distance can then be calculated using Equation 8.21.

hF = r ·γA ·γA

2
(8.20)

sA = (scr eenhei g ht −hF )

t an(γA)
(8.21)

Flare
The next phase in the landing is the flare. During this phase the aircraft decelerates from the approach speed,
VA, to the touch-down speed, VTD. The average speed during the flare, VF, is determined using Equation
8.22. From Jenkinson [8], VTD is taken to equal 1.15 ·VSlanding . The radius of the flare manoeuvre rFLARE is
given by Equation 8.23. The load factor is taken to be 1.2. Moreover, the distance covered during the flare is
determined using equation 8.24.

VF = VA +VT D

2
(8.22)

rF L ARE = V 2
F

g (n −1)
(8.23)

sF = r ·γA (8.24)
3https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm [cited 21 June 2018]

https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm
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Ground Roll
Before the pilot applies the brakes and spoilers, the aircraft will roll for a few seconds after the touch-down.
The distance covered during this free roll is determined using Equation 8.25. In which sFR is the free roll
distance, t is the time elapsed during this free roll and VTD is the aforementioned touch-down speed. Since it
takes approximately 2.0 seconds before the brakes and spoilers are applied, a value of 2.0 is taken for t [8].

sF R = t ·VT D (8.25)

The braking distance of the aircraft is then calculated using Equation 8.26. Where, KT =−µ and KA is obtained
using Equation 8.27. In which MLW is the maximum landing weight. The thrust and lift coefficient are evalu-
ated at the average energy speed (0.707*VTD). It is assumed that the thrust will be zero and that the coefficient
of friction during braking is 0.45 [8]. Jenkinson suggests using a value of 0.3, however since regenerative brak-
ing is implemented in the aircraft design, a value of 0.45 is taken as the coefficient of friction. A value that
is too high might result in brake and tire wear. Furthermore, this calculation does not take into account the
application of thrust reverse.

sB = 1

2g K A
ln

(
KT +K AV 2

T D

KT

)
(8.26)

K A =−ρ ·a
2 ·MLW

S
(8.27)

The total landing distance that is obtained from this method is multiplied by 1.66 to account for variability in
pilot and operational uncertainties during the landing manoeuvre [8].

Landing Analysis Inputs and Results
As discussed in the preceding sub-subsections, different speeds are defined in the analysis of the landing per-
formance of the aircraft. These are summarized and tabulated in Table 8.5. The method resulted in a landing
distance of 1,554 m at sea-level conditions. The input parameters used in the simulation are tabulated in
Table 8.4.

Table 8.4: Input data used for the landing performance analysis

Value
Maximum landing mass [kg] 62,366
CLmaxlanding

2.9

CD0landing
0.0974

Oswald efficiency factor 0.727
Screen height landing [6] [m] 15.24
Rolling coefficient landing [8] 0.45
Landing approach angle [◦] 3
Load factor during landing 1.2

Table 8.5: Speeds as defined in the landing performance analysis

Speed Determined from Value [kts]
VSland (stall speed) - 109
VA (Approach speed) 1.3 ·VSland 141
VF (Average Flare speed) (1.15+1.3) ·VSland /2 133
VTD (Touch-down speed) 1.15 ·VSland 125

Verification and Validation
The Python program developed to analyze the landing performance is verified by implementing known air-
craft data, followed by an assessment of the obtained results. The aircraft data is obtained from Jenkinson [8].
The driving aircraft parameters and the landing performance analysis results are tabulated in Table 8.6. It can
be clearly seen that the simulation results in very accurate results and is thus verified.
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Table 8.6: Landing performance verification inputs and outputs

Speed Aircraft data from Jenkinson Results from simulation Difference [%]
Maximum landing mass [kg] 184,000 - -
Wing area

[
m2

]
376.4 - -

CLMaxland
2.5 - -

CDland 0.055 + 0.05 C2
L - -

Vstallland

[ m
s

]
55.96 55.95 -0.018

VTD
[ m

s

]
64.35 64.35 0

Landing distance [m] 1,916 1,915 -0.052

Furthermore, the obtained results are validated by comparison with reference aircraft. The same aircraft
as discussed in the verification and validation part for the take-off performance are considered. Figure 8.6
depicts the landing length of the TU-ecoliner and reference aircraft. It is evident that the landing length of
the TU-ecoliner is higher compared to competitors. The landing distance of the A321neo is around 1600 m,
which is comparable to the TU-ecoliner 4. However, it must be noted that the performed analysis does not
account for thrust reversers.

Figure 8.6: Landing length of the designed aircraft and reference aircraft

From Figure 8.7, it is evident that the obtained results for the approach speed are comparable to reference
aircraft. The approach speed of the Airbus A321 is 138 kts 5, which means that the difference is small. The
CLmaxland

value of 2.9 is also reasonable compared to reference aircraft, which reach values of around 3.0 5.

4http://janes.ihs.com [cited 23 June 2018]
5Aircraft data obtained from https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm [cited 23

June 2018]

http://janes.ihs.com
https://booksite.elsevier.com/9780340741528/appendices/data-a/default.htm
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Figure 8.7: Approach speed, Vapproach, of the designed aircraft and reference aircraft

8.1.3. Take-off and Landing Performance as Function of Altitude
The take-off and landing performance of the aircraft is analyzed for different altitudes by implementing the
effect of altitude on thrust. In order to account for this effect, Equation 8.28 6 is implemented into the simu-
lation. The take-off and landing performance of the aircraft with respect to the airport altitude is depicted in
Figure 8.8.

Fn

Fg
= Pal t i tude

Psea−level
·
√

Tsea−level

Tal t i tude
(8.28)

Figure 8.8: Take-off and landing performance as function of altitude

6https://www.grc.nasa.gov/www/k-12/Missions/Jim/Project1ans.htm [cited 18 June 2018]

https://www.grc.nasa.gov/www/k-12/Missions/Jim/Project1ans.htm
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Sensitivity Analysis
A sensitivity analysis has been performed for the take-off and landing performance (at sea level) for three
dominant aircraft parameters, aircraft weight, zero-lift drag and maximum thrust. In this analysis the effect
of an increase and decrease of 10% of each of the three aforementioned parameters was investigated. The
change in the take-off and landing distance is presented as a percentage change with respect to the nominal
value. The results are presented below in Table 8.7. From this analysis, it is clear that the weight of the aircraft
has the largest influence on the take-off and landing performance of the aircraft.

Table 8.7: Sensitivity analysis of the take-off and landing distances with respect to the aircraft weight, maximum thrust and drag
coefficient

Nominal Value
Weight [kg]

Zero-lift drag [-]
(for resp. conf.)

Maximum Thrust [kN]

-10.0% 10.0% -10.0% 10.0% -10.0% 10.0%
Take-off Distance [m] 1,673 -18.0 % +21.0 % -0.3 % +0.36 % +10.6 % -8.5 %
Landing Distance [m] 1,543 -7.0 % +7.0% +0.2 % -0.2 % 0.0 % 0.0 %

8.1.4. Second Segment Climb with One Engine Inoperative
The CS-25 regulations specify a minimum climb gradient in the case of one engine inoperative that has to be
obtained by any aircraft to be certified under CS-25. For twin-engined aircraft a minimum climb gradient of
0.024 has to be obtained in the second segment of climb (CS-25.121 [6]).

The assessment of this requirement will be discussed here. First, the lift and drag coefficient during this phase
of the flight have to be determined. In this analysis, the drag coefficient due to the failed engine is estimated
using Equation 8.29 [8]. In which Af is the diameter of the fan as obtained from the engine sizing in Subsection
6.6.2. Furthermore, the trim drag is estimated using Equation 8.30, in which CDclimb is the drag coefficient
during the climb phase of the take-off run as discussed in Subsection 8.1.1. The total drag coefficient during
the second segment climb with one engine inoperative is then obtained using Equation 8.31. From this, the
total drag can be determined using Equation 8.32. Finally, the climb gradient during the second segment
climb with one engine inoperative is obtained using Equation 8.33.

CD f ai ledeng i ne =
0.3 · A f

S
= 0.3 ·1.87

110
= 0.0051 (8.29)

CD tr i m = 0.05 ·CDcl i mb (8.30)

CDcl i mb−OE I =CDcl i mb +CD tr i m +CD f ai ledeng i ne (8.31)

Dcl i mbOE I =CDcl i mb−OE I ·
1

2
·ρ ·V 2

2 ·S (8.32)

γOE I =
1
2 ·T hr ustnet −Dcl i mbOE I

MT OW
(8.33)

Input and Results
Using the prescribed methodology and the input parameters as tabulated in Table 8.8, a climb gradient of
0.059 is obtained. This means that the requirement is met.

Table 8.8: Input data used for second segment climb with one engine inoperative analysis

Value
CDfailedengine 0.0051

CDtrim 0.0052
CDclimb−OEI 0.1130
ThrustOne−engine [N] 87,427
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Verification and Validation
The Python program made to analyze the second segment climb with one engine inoperative performance is
verified by implementing known aircraft data, followed by the assessment of the obtained results. The aircraft
data is obtained from Jenkinson [8]. The aircraft data and program results are tabulated in Table 8.9. It can be
clearly seen that the simulation results in very accurate results and is thus verified.

Table 8.9: Second segment climb with one engine inoperative verification inputs and outputs

Speed Aircraft data from Jenkinson Results from simulation Difference [%]
Maximum take-off mass [kg] 230,000 - -
Wing area

[
m2

]
376.4 - -

CLMaxTO
1.75 - -

CLatV2 1.215 1.215 0
CDclimb 0.025 + 0.05 C2

L - -
CDfailedengine 0.00199 0.00199 0

CDtrim 0.00494 0.00494 0
Dclimb [N] 195,884 196,325 -0.23
γclimbOEI 0.0308 0.0306 0.60

8.1.5. Climbing Performance
An important aspect of the aircraft performance is the climbing performance. This will for example determine
what rates of climb are achievable and how long it will take to climb to cruise altitude.

The forces acting on the aircraft during climb are presented in Figure 8.9. Summing forces parallel to the
flight path results in Equation 8.34 and perpendicular to the flight path results in Equation 8.35. For the sake
of simplicity the thrust vector points into the direction of the velocity.

Figure 8.9: Forces acting on the aircraft during climb [8]

T −D −W sin(θ) = W

g

dV

d t
(8.34)

L−W cos(θ) = W

g
V

dθ

d t
(8.35)
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Using the small angle approximation and assuming steady symmetric flight conditions, results in Equations
8.36 and 8.37. In real life however, the aircraft also accelerates during climb, this will be incorporated later.

T −D −W si n(θ) = 0 (8.36)

L =W (8.37)

Multiplying Equation 8.36 with V for convenience, results in Equation 8.38. Where, TV is the power available,
Pa, DV is the power required, Pr, and Vsin(θ) is the rate of climb, RC. So, rewriting Equation 8.38 to Equation
8.39 provides the relation for rate of climb in steady symmetric flight conditions.

T V −DV −W V sin(θ) = 0 (8.38)

Pa −Pr

W
= RC (8.39)

In order to plot the power available and power required curves, the drag of the aircraft should be determined
first. The drag is determined using Equation 8.40. Where, CD is calculated using Equation 8.41 and CL follows
from Equation 8.42, where lift is assumed to equal weight from Equation 8.37.

D =CD
1

2
ρV 2S (8.40)

CD =CD0 +
C 2

L

πAe
(8.41)

CL = W
1
2ρV 2S

(8.42)

With the thrust of the aircraft known, the curves can now be plotted. However, since the thrust of a turbofan
engine decreases with increasing speed and altitude [51], a correction has to be applied first. This correction
is presented in Equation 8.43 [52], which accounts for the air density and Mach number. Where the K’s are
empirical constants given by Table 8.10,σ is the ratio between sea-level density and the density at the altitude,
M is the Mach number, λ is the bypass ratio and n = 0.7 for the troposphere. It should be noted, however, that
the relationship is developed for a bypass ratio of 8, while the TU-ecoliner has a bypass ratio of 14.

FN

FN0

= K1 +K2λ+ (K3 +K4λ)Mσn (8.43)

Table 8.10: Thrust parameters for Equation 8.43

Mach no. K1 K2 K3 K4

0.0-0.4 1.0 0.0 -0.595 -0.030
0.4-0.9 0.89 -0.014 -0.300 0.005

Plotting the power available and power required curves versus speed resulted in Figure 8.10 for sea-level
conditions. The discontinuity in the curve is caused by the difference of constants in the empirical relation
after a Mach number of 0.4.
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Figure 8.10: Power available and power required curves versus speed at sea-level

From Equation 8.39 it is known that the difference of the power available and power required divided by the
weight is equal to the rate of climb. Applying this to all speeds and altitudes up to the cruising altitude with
steps of 5,000 ft, resulted in Figure 8.11. This indicates that the maximum rate of climb at sea level is equal to
4,672 ft/min. However, this is the rate of climb at steady symmetric conditions, which is not valid in real life.
Therefore, a correction has to be applied.

Figure 8.11: Steady rate of climb performance of the TU-ecoliner
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In order to determine the unsteady rate of climb, Equation 8.34 is multiplied with V first. This results in Equa-
tion 8.44. Furthermore, using the fact that dh

dt = Vsinγ= RC, TV = Pa and DV = Pr, and rearranging Equation
8.44 yields Equation 8.45. Using Equation 8.39 for steady conditions, the ratio between the rate of climb in
steady and unsteady conditions is given by Equation 8.46. Where the subscript "s" is used to denote steady
condition. This resulted in the rate of climb graph as presented in Figure 8.12. From this graph it can now be
deduced that the maximum rate of climb at sea level equals 4,013 ft/min.

T V −DV −W V sin(θ) = W

g
V

dV

dh

dh

d t
(8.44)

ROC

[
1+ V

g

dV

dh

]
= Pa −Pr

W
(8.45)

ROC

ROCs
= 1

1+ V
g

dV
d H

(8.46)

Figure 8.12: Unsteady rate of climb performance of the TU-ecoliner

Verification and Validation
The simulation developed for the rate of climb is verified by simplified calculations at a specific flight speed in
Microsoft Excel. Since the simulation results in the rate of climb performance as a function of flight speed, a
specific flight speed was chosen at sea level. Table 8.11 depicts the results of the calculations for a single point
at 80.0 m/s and the results as obtained from the simulation. Additionally, the percentage difference between
the simulation and point calculation is presented in Table 8.11. The difference between the obtained rates of
climb is around 1%, which is mainly caused by rounding errors. Moreover, it can be seen that there is a small
difference in the lift coefficient, which then translates in the drag coefficient.
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Table 8.11: Rate of Climb verification

Parameter Result from point calculation Simulation Difference %
CL 1.54 1.54 -0.036
CD 0.0897 0.0859 -4.271
D [N] 38679.96 37027.15 -4.273
Pr [W] 3,094,397 2,962,172 -4.273
Thrust [N] 162,171 162,171 0
Pa [W] 12,973,680 12,973,679 -7.70791E-06
ROCsteady [m/s] 14.9 15.05 1.333
ROCsteady [m/s] 14.4 14.59 1.338

The method applied here follows from the course Flight and Orbital Mechanics as taught at the Delft Uni-
versity of Technology [53]. The associated assumptions result in accurate results as has been assessed in the
course slides. The difference between the simplified method and a method in which the equations of motion
are not simplified is 0.52% [53]. However, it must be noted that this accuracy does not take into account the
prediction of thrust variation that is implemented into the model used for the presented results.

Sensitivity Analysis
A sensitivity analysis has been performed to determine the sensitivity of the theoretical service ceiling and the
maximum steady rate of climb with respect to critical aircraft parameters such as MTOW, zero-lift drag and
maximum thrust. Each of the aforementioned parameters were increased or decreased by 10%. The results
of the sensitivity analysis are tabulated in Table 8.12. It can be seen that the maximum thrust has the largest
influence on the maximum rate of climb that is achieved and the theoretical service ceiling of the aircraft.

Table 8.12: Sensitivity of MTOW, zero-lift drag and maximum thrust at sea level on the maximum steady climb rate and theoretical
ceiling height

Nominal
Value

Weight [kg] Zero-lift drag [-] Maximum Thrust [kN]7

-10.0% +10.0% -10.0% +10.0% -10.0% +10.0%
Maximum Rate of Climb [ft/min] 4,672 +12.5% -10.3 % +4.2 % -3.7 % -14.4% +14.8%
Theoretical Ceiling [ft] 43,100 +7.0% -6.3% +1.9% -1.6% -6.3% +5.6%

8.2. Noise
Reducing the noise of the aircraft compared to current state-of-the-art aircraft is one of the project objectives
as discussed in Chapter 1. The analysis of the noise of the designed aircraft is the subject of this section.
First an explanation of the noise requirements that have to be met by the aircraft is given, followed by the
methodology that is followed to assess the noise and finally the results of the assessment will be discussed.

8.2.1. Noise Requirements
Noise requirements are stipulated by the aviation authorities in CS-36 [7]. Different noise requirements are
defined in so-called chapters. Current state-of-the-art aircraft such as the Airbus A320neo are certified under
chapter 4 of the noise regulations. The different noise chapters can be found in Figure 8.13. It can be seen that
aircraft to be certified from 2017 onward have to comply with chapter 14 of the noise regulations. Chapter
14 is cumulatively (calculated from the total noise level measurements in approach, flyover and lateral) 7
EPNdB more stringent [54] compared to aircraft certified under the chapter 4 requirements. EPNdB stands
for Effective Perceived Noise measured in decibels, which is a standard used internationally in measuring
aircraft noise.

7Measured at sea level conditions.
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Noise Certification
During noise certifications the noise emitted by the aircraft is assessed at three different points, namely at the
approach, lateral and in a fly over as depicted in Figure 8.14.

Figure 8.13: Different noise requirements along with their relative reduction[55]

Figure 8.14: Position of measurement points during noise certification[54]



8.2. Noise 84

8.2.2. Assessment Methodology
The aircraft noise can be divided into two different groups: airframe noise and engine noise. These can be
further divided as will be discussed in the following.

Airframe Noise Analysis
Airframe noise can be divided into the noise generated by: the clean wing, vertical & horizontal tail, slats,
flaps, the landing gear and the landing gear strut. The airframe noise of the aircraft is analyzed using Fink’s
Airframe Noise Prediction Method[56], which is also used in NASA’s Aircraft Noise Prediction Program (ANOPP).
This ANOPP model is not available to students. Therefore, the empirical relations from Fink are programmed
in Python and is indicated as "self-written code" from here on. The Fink method is based on measurements
of several aircraft flyovers and assumes theoretical functions to predict airframe noise spectra for each com-
ponent as a function of third-octave frequency, polar directivity angle and azimuthal directivity angle. Since
noise from the airframe is not radially symmetric and also varies with aircraft azimuthal angle [57].

Each airframe noise component is calculated using Equation 8.47, this gives the pressure differential due to
the components as a function of the frequency (f), polar directivity angle (θ) and azimuthal directivity angle
(φ). Where the polar directivity angle and azimuthal directivity angle can be set towards a certain location, as
can be seen in Figures 8.15 and 8.16. For this analysis θ = 90deg and φ= 0deg. Furthermore, M is the flight
Mach number, c is the ambient speed of sound and ρ is the ambient density. P, D and F are calculated using
Equations 8.48 till 8.59.

p2
e ( f ,θ,φ) = ρ∞c P D(θ,φ)F (S)

4πr 2(1−M cosθ)4 (8.47)

Figure 8.15: Polar directivity angle Figure 8.16: Azimuthal directivity angle

P is the power function given by Equation 8.48. Where K is an empirical constant and a relates the radi-
ated acoustic power to the flow speed. The effect of airframe component geometry on the acoustic power is
incorporated by G. The variables for each component can be found in Table 8.13.

P = K M a G
(
ρ∞c3b2

w

)
(8.48)

Table 8.13: Input variables for Equation 8.48 and Equation 8.49

Airframe noise source G L K a

Clean wing 0.37 Aw

b2
w

(
ρ∞M∞c∞Aw

µ∞bw

)−0.2
Gbw 4.464 ·10−5 5

Leading edge slats Same as for wing

Horizontal tail 0.37 Ah

b2
h

(
ρ∞M∞c∞Ah

µ∞bh

)−0.2 (
bh
bw

)2
Gbh 4.464 ·10−5 5

Vertical tail 0.37 Av

b2
v

(
ρ∞M∞c∞Av

µ∞bv

)−0.2 (
bv
bw

)2
Gbv 4.464 ·10−5 5

Trailing edge flaps Af

b2
w

sin2 (δf)
Af
bf

2.787 ·10−4 6

Landing gear n
(

dwheel
bw

)2
dwheel 4.349 ·10−4 6

Landing gear strut
(

dstrut
bw

)2 (
lstrut
dstrut

)
dstrut 2.753 ·10−4 6
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Equations 8.50 till 8.54 are all empirical spectral functions for each airframe component as a function of the
Strauhal number S, which was calculated using Equation 8.49 and takes into account the length of the par-
ticular airframe noise source considered. Equation 8.50 was used for the clean wing as well as the horizontal
and vertical stabilizer. Equation 8.51 for the slats, Equation 8.52 for the flaps, Equation 8.53 for the landing
gears and Equation 8.54 for the landing gear strut.

S = f L(1−M cosθ)

Mc
(8.49)

Fcleanwi ng = 0.613(10S)4[(10S)1.5 +0.5
]−4

(8.50)

Fsl at s = 0.613(10S)4
[
(10S)1.5 +0.5

]−4 +0.613(2.19S)4
[
(2.19S)1.5 +0.5

]−4 (8.51)

F f l aps = 0.0480S for S < 2
F f l aps = 0.1406S−0.55 for 2 ≤ S ≤ 20
F f l aps = 216.49S−3 for S > 20

(8.52)

Fl g = 13.59S2[S2 +12.5
]−2.25

(8.53)

Fstr ut = 5.325
(
30+S8)−1

(8.54)

Lastly, the directivity function can be calculated calculated using Equations 8.55 till 8.59, where Equation 8.55
is used for the clean wing as well as the slats and horizontal stabilizer, Equation 8.56 is used for the vertical
stabilizer. Equation 8.57 is used for the flaps, Equation 8.58 is used for the landing gears and lastly Equation
8.59 is used for the landing gear strut.

Dcleanwi ng (θ,φ) = 4cos2(φ)cos2(θ/2) (8.55)

Dver t i cal t ai l (θ,φ) = 4sin2(φ)cos2(θ/2) (8.56)

D f l aps (θ,φ) = 3
(
sinδ f cosθ+cosδ f sinθcosφ

)2 (8.57)

Dl g (θ,φ) = 3

2
sin2 (θ) (8.58)

Dstr ut (θ,φ) = 3sin2(φ)sin2(θ) (8.59)

Using all these equation resulted in a pressure differential at a certain frequency for each component. This
pressure differential is translated to a Sound Pressure Level (SPL) using Equation 8.60, where Pe0 is the refer-
ence pressure of 2.0 ·105 N/m2 [58].

SPL = 10l og
P 2

e

P 2
e0

(8.60)

It should be noted that although the Fink airframe noise model is a suitable model for parametric prediction
of noise radiated from the aircraft geometry, it predicts the primary airframe noise sources in a simplified
manner. Other important airframe noise sources such as those from spoilers, the flap edge, cavities, fuel
vents in the wing and the interaction of components that produce additional noise, are not incorporated in
this model.
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Engine Noise Analysis
The noise produced by an engine can be divided in contributions from different parts of the engine as de-
picted in Figure 8.17. However, only the jet and fan noise will be taken into account in the analysis since the
largest contributions are from these two parts of the engine [57]. During the take-off assessment of the air-
craft jet noise is predominant [57], while during landing the fan noise is predominant. The relation between
airframe and engine noise during approach and take-off is depicted in Figures 8.18 and 8.19. It is clear that
the noise during take-off (flyover measurement) is driven by the engine noise. Therefore, in order to be able to
quantify and compare the noise levels of the designed aircraft and current state-of-the-art aircraft, the engine
noise has to be estimated/quantified.

Figure 8.17: Contributions to engine noise [57]

The engine noise can be assessed in several ways. First a method as described in the PhD thesis of Lothar
[9] was followed to quantify both the jet and fan noise. However, due to the lack in detail of the propulsion
design this method could not be used to assess the engine noise. For this reason, the decision was made to
analyze the engine noise based on research performed on the assessment of noise.

From Sahai [57] it was obtained that the acoustic power of the jet is proportional to the eighth power of the
average exit speed of the engine, V8

exit. From this Equation 8.61 is derived. The change in sound pressure
level (SPL) between two engines based on their respective average exit speed can be assessed using Equation
8.62. This shows that an increase in the bypass ratio, which lowers the average exhaust velocity, results in a
reduction of the noise generated.

SPL = 10 · log (Acousti cpower )8 (8.61)

SPL2 = SPL1 +80 · log

(
Vexi t 2

Vexi t 1

)
(8.62)

In which SPL2 is the sound pressure level of the new engine, while SPL1 is the sound pressure level of the
reference engine.

During the approach phase jet noise is not predominant due to the low engine thrust settings, while fan noise
now becomes predominant. Figure 8.18 depicts the jet, fan and airframe noise of a short range aircraft that is
simulated in [9]. It shows that during approach airframe and fan noise are comparable, while during take-off
this is not the case and Equation 8.62 has to be used. However, due to lack of detail in the engine design, the
engine noise during take-off could not be assessed within a reasonable time frame.
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Figure 8.18: A319 Approach noise ranking [9] Figure 8.19: A319 Take-off noise ranking [9]

Noise Analysis Results
With the SPL levels of all the airframe components and the engines obtained, these could be summed using
Equation 8.63[58]. For the analysis of the noise during approach, the decision has been made to assume that
the engine noise is equal to the airframe noise. For take-off, the engine noise is calculated using Equation
8.62 and added to the airframe noise.

SPLtot al = 10l og
N∑

i=1
10SPLi /10 (8.63)

Approach Conditions
Using the characteristics of the TU-ecoliner, as can be seen in Table 8.14, the SPL plot of the different com-
ponents vs frequency were created and can be seen in Figure 8.20. From this plot, it can be observed that
the vertical tail and the landing gear strut is not included. This is due the fact that the Azimuthal directivity
angle is taken as 0, and according to Fink’s model, noise of the vertical tail and strut is not emitted in that
angle, as can also be deduced from Equations 8.56 and 8.59. Furthermore, from the plot it can be seen that
the maximum SPL during approach is equal to 83 dB.

Figure 8.20: Noise of the TU-ecoliner in approach conditions
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Since Fink’s model does not represent the full aircraft noise as explained earlier. Figure 8.20 can not be com-
pared to actual noise data from measurements of reference aircraft. Therefore, the decision has been made
to input data from the Boeing 737 MAX 8 into the self-written program to obtain a rough estimation of the
noise emitted by the TU-ecoliner compared to the Boeing 737 MAX 8. Inputting the aircraft characteristics,
which can be seen in Table 8.14, resulted in the plot from Figure 8.21. From this plot it can be seen that for low
frequencies the SPL level of the TU-ecoliner is lower, from around 160 Hz till around 900 Hz the TU-ecoliner
is equally loud as the Boeing 737 MAX 8, whereas after 900 Hz the TU-ecoliner is louder. However there are
some deficiencies in the self-written code, which will be elaborated upon in the verification and validation
part.

Figure 8.21: Comparison between Boeing 737 MAX 8 and TU-ecoliner in approach conditions

It should be noted that the SPL only takes into account the pressure difference due to the sound wave, while it
is known that humans do not perceive noise similarly on all frequencies. The human hearing system perceives
high frequencies louder than low frequencies. Therefore an A-weighted correction is applied, which makes a
correction for sound pressure level according to the frequency. The A-weighted sound level is calculated using
Equation 8.64, where the corrected band level is calculated using Equation 8.65 and the relative response is
approximated using Equation 8.66[58]. To give an indication of what the A-weighting does to the SPL plot, a
comparison between the normal SPL and A-weighted SPL plot of the TU-ecoliner can be seen in Figure 8.22.
From this figure it can be seen that the SPL of the A-weighting is up to a frequency of 1,000 hz, lower than
the normal SPL. The comparison between the A-weighted Sound Pressure Levels of the TU-ecoliner and the
Boeing 737 MAX 8 can be seen in Figure 8.23. From the A-weighted SPL comparison between the Boeing 737
MAX 8 and the TU-ecoliner, it follows that the TU-ecoliner produces less noise until a frequency of around
900 Hz and hereafter produces more noise.

L A = 10 · log

(∑
10

L A (i )
10

)
(8.64)

L A(i ) = SPL(i )+∆L A(i ) (8.65)

∆L A =−145.528+98.262 · log( f )−19.509 · (log( f ))2 +0.975 · (log( f ))3 (8.66)
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Figure 8.22: Comparison between the SPL and A-weighted SPL of the TU-ecoliner in approach conditions

Figure 8.23: Comparison between Boeing 737MAX8 and TU-ecoliner in approach conditions
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Verification and Validation
The airframe noise model is verified by comparing the results from the self-written code with a model writ-
ten by United Technologies Research Center in [56]. In this technical report the airframe noise prediction
method from Fink is applied to a Boeing 747 and compared to measured values, as can be seen in Figure 8.24.
For this verification only the line which states "NASA ANOPP COMPONENT PREDICTION METHOD" is of
importance.

In order to verify the self-written code, data from the Boeing 747 as can be seen in Table 8.14 was used as
input in the code and yielded the graph as can be seen in Figure 8.25. From this comparison it can be seen
that the 2 lines have some differences, this means that the self-written program has some deficiencies.

Furthermore, Fink’s method itself does not correctly represent a real aircraft as mentioned earlier. This can
also be seen in Figure 8.24, where the triangles and the dots in the graph indicate the SPL from measurements,
and does not match the values of the ANOPP component prediction method. To have an indication of the
offset of the self-written code, the maximum A-weighted SPL from the Boeing 737 MAX 8 is obtained from
a database of Eurocontrol and is equal to 91.3 dBA8, whereas the maximum A-weighted SPL from the self-
written code is equal to approximately 78 dBA. This means that drawing a conclusion based on this analysis
is questionable, therefore the decision has been made to assess the noise of the aircraft qualitatively based
on the noise reduction technologies which will be implemented on the TU-ecoliner.

Table 8.14: Input data used for the noise modelling

Parameter TU-ecoliner Boeing 737MAX89 Boeing 747[56] Unit
Wing area (Aw) 110 127 510.97 m2

Wing span (bw) 39.24 35.9 59.65 m
Horizontal tail area (Ah) 23.1 32.78 136.57 m2

Horizontal tail span (bh) 9.6 14.35 22.17 m
Flap area (Af) 22.6 38.1 78.69 m2

Flap span (bf) 23.21 21.5 34.36 m
Main landing gear wheel diameter (dmg) 1.14 1.13 1.17 m
Nose landing gear wheel diameter (dng) 0.66 0.69 1.17 m
Flap angle (landing) (δf) 50 40 25 deg
Approach speed (Vland) 72.54 71.51 104.95 m/s
Distance to observer (r) 60.69 60.69 152.4 m
Polar directivity angle (θ) 90 90 90 deg
Azimuthal directivity angle (φ) 0 0 0 deg

8https://www.aircraftnoisemodel.org/ [cited 25 June 2018]
9http://www.b737.org.uk/techspecsdetailed.htm [cited 25 June 2018]

https://www.aircraftnoisemodel.org/
http://www.b737.org.uk/techspecsdetailed.htm
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Figure 8.24: Boeing 747 noise estimation from reference [56]

Figure 8.25: Boeing 747 noise estimation from self-written code
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Qualitative noise assessment
The TU-ecoliner will be fitted with noise reduction technologies which are not accounted for in Fink’s method.
One of these noise reduction technology is the blowing and suction of air, this requires small strips to be at-
tached to the flaps and landing gear to energize the flow before it reaches the extending surface. This adds a
small amount of weight but has a relatively large positive effect on noise reduction. With this technology the
broadband noise is expected to decrease by 3 to 5 dB[59].

Vortex generators (VG’s) are also placed at the fuel tank pressure equalization vents10 in order to disturb the
flow there. These vents, when air flows over them, produce the same noise as blowing over the top of a bottle.
Placing VG’s there, eliminates this effect. This measure reduces the overall noise of an A320 like aircraft in
landing by 4dB at a distance between 10 km and 17 km from the airport11. VG’s are only 5 cm long10 and
therefore they hardly add any extra weight. They do, however, add some additional drag.

The landing gear is also a main contributor to the airframe noise, due to spurious noise sources and inter-
action of flows, therefore a fairing will be fitted around the landing gear as can be seen in Figure 8.27, this is
expected to result in a noise reduction of approximately 3 dB[59].

Further noise reduction is achieved due to the usage of ultra-high bypass ratio geared turbofans. In conven-
tional engines the tip of the fan rotors can reach supersonic speeds which induces a lot of drag and noise12,
according to [60] fan broadband noise is proportional to u5/2

t i p . Using a gearbox in the engine allows the fan

to run at its optimal speed, hence reducing the noise. Secondly, due to the increased bypass ratio, the aver-
age exhaust velocity is decreased. This will lead to a reduction in jet noise[61], as can also be deduced from
Equation 8.62.

Apart from the noise reduction due to the ultra-high bypass ratio geared turbofans, noise reduction technolo-
gies are also implemented in the engines. By applying metal foam liners in the area over the tips of the rotors,
which is where most of the engine noise is generated, one can very efficiently damp the noise nearby where
it is generated [62]. Implementation of this system is expected to result in a noise reduction of up to 5 dB[63].
The engines will also be equipped with chevrons, these mix the flow of air coming out of the engine with the
surrounding air to reduce the exhaust velocity and thus reduce noise.

With these noise reduction technologies, the TU-ecoliner is expected to emit less noise compared to current
state-of-the-art aircraft and comply with chapter 14 noise regulations of ICAO.

Figure 8.26: Conventional landing gear [64] Figure 8.27: Landing gear with fairing [64]

10http://www.greenaironline.com/news.php?viewStory=2116 [cited 24 May 2018]
11https://www.lufthansagroup.com/en/responsibility/climate-and-environmental-responsibility/
active-noise-abatement.html [cited 24 May 2018]

12https://www.southampton.ac.uk/engineering/research/projects/buzz_saw_noise_and_non_linear_acoustics.
page [cited 3 July 2018]

http://www.greenaironline.com/news.php?viewStory=2116
https://www.lufthansagroup.com/en/responsibility/climate-and-environmental-responsibility/active-noise-abatement.html
https://www.lufthansagroup.com/en/responsibility/climate-and-environmental-responsibility/active-noise-abatement.html
https://www.southampton.ac.uk/engineering/research/projects/buzz_saw_noise_and_non_linear_acoustics.page
https://www.southampton.ac.uk/engineering/research/projects/buzz_saw_noise_and_non_linear_acoustics.page


8.3. Emissions 93

8.3. Emissions
The following section will discuss the emission analysis of the TU-ecoliner. The section starts with a descrip-
tion of the regulations and certification with respect to aircraft emissions in Subsection 8.3.1. Following on
this, the assessment methodology will be discussed in Subsection 8.3.2. This section will be concluded with
the assessment evaluation in Subsection 8.3.3 in which a sensitivity analysis is performed along with verifi-
cation and validation.

8.3.1. Regulations & Certification
The combustion of jet fuel produces both particulate and gaseous pollutants. The International Civil Aviation
Organization (ICAO) stipulates regulations for the LTO (landing-takeoff) cycle for NOx, CO, unburned hydro-
carbons (UHC) and smoke emissions [65]. The ICAO Annex 16: Enviromental Protection Volume 2 Aircraft
engine emissions [65] specifies the regulatory framework for the certification of engine emissions.

The aforementioned ICAO regulations specify the thrust setting and the time in the operating mode during
the LTO cycle. Based on the compressor pressure ratio of the engine the regulations specify the allowed emis-
sions. During certification tests the emission rate (emission index multiplied by the fuel flow), gross emission
of each gaseous pollutant over the LTO cycle (in grams) and the maximum smoke number.

8.3.2. Assessment Methodology
The following subsection will describe the methodology followed to assess the fuel consumption and CO2

emissions of the TU-ecoliner.

Fuel Consumption
As a first step of deriving the emissions specific for the considered design, the fuel consumption was deter-
mined for different flight phases, namely in the take-off, cruise and approach/descend phase. A database
from ICAO 13 was consulted, containing the fuel consumption of over 500 engines. As the maximum output
thrust could also be obtained from this database, the fuel consumption could be converted into a thrust-
specific fuel consumption (TSFC). With this a statistical analysis was run, which is shown in Figure 8.28 where
the TSFC during take-off has been plotted as a function of the engine bypass ratio. In here only the engines
with a similar thrust output, of in between 80 kN and 130 kN of thrust were considered 14.

Figure 8.28: Thrust-specific fuel consumption versus bypass ratio for various engines with a similar thrust output.

Along with the data points a regression line representing a third-order polynomial15 was plotted in order to
represent the data. As it was decided to use an ultra-high bypass ratio turbofan with a bypass ratio (BP) of
14, the polynomial was used to extrapolate and obtain a predicted value for the TSFC. This yielded a TSFC of
6.692 mg/N/s for take-off, or a cjTO of 1.425 kg/s for both engines.
13https://www.easa.europa.eu/easa-and-you/environment/icao-aircraft-engine-emissions-databank [cited 22 June 2018]
14The maximum thrust output for this design is 213

2 = 106.5 kN.
15A third order polynomial resulted in the most realistic curve, with a r2 of 0.8872
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In order to verify the obtained TSFC during take-off, data from the same database has been used indicating
the testing dates of all engines. This data has been analyzed to see whether there is a relationship between
test date and the TSFC of the respective engine. Here it should be noted that the year of testing does not
mean that the engine has been introduced in that same year, but it gives a good indication of the generation
of the engine. In Figure 8.29 the bars indicate the average TSFC of the engines tested in that year, while the
red error bars indicate the standard deviation of the data belonging to that cohort. Only the years in which
more than ten engines were tested have been included, in order to ensure reliable data and prevent outliers
from influencing the perceived data too much.

Figure 8.29: The development of the thrust specific fuel consumption over time.

A limitation of the data is that there is no cruise thrust and thrust setting during approach given for all dif-
ferent engines, which is mainly dependent on the aircraft on which the engines are integrated. A solution for
this was found by looking at the ratio between specific fuel consumption in take-off and cruise and in take-off
and approach. This is shown in Figure 8.30.

Figure 8.30: Fuel consumption ratios versus output thrust for various engines.
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The linear regression lines that are plotted in Figure 8.30 were considered relevant and representative for the
data as their p-value would be below 0.05, meaning a rejection of the null hypothesis that the slope is zero
(and hence that there would not be a statistical relation between the two variables). For both regression lines,

p ¿ 0.05. The statistical analysis yielded
cjTO
cjCR

= 1.217 and
cjTO
cjAP

= 3.460, hence cjCR = 1.171 kg/s and cjAP = 0.412

kg/s for both engines. This leads to a reduction of around 17% in fuel consumption compared to the A321neo
which is powered by two Leap A1 engines, and a reduction of about 1% compared to the PW1122G-JM which
is the data point most to the right in Figure 8.28.

CO2 Emissions
From the obtained engine fuel consumption the CO2 emissions of the aircraft could be determined using
Equation 8.67. The CO2 emitted by the aircraft during a flight is determined using the fuel flow in the specific
phase of the flight, the emission index (the kg CO2 emitted per second) and the time spend during the flight
phase.

CO2emi ssi ons =∑
c j ·Emission Index · time in mode (8.67)

The emission index is determined using the energy density of the fuel used and the amount CO2 that is emit-
ted by the combustion of the fuel type. The fuel types that were considered in the analysis can be found in
Table 8.15 along with the energy density and emissions of each fuel type.

Table 8.15: Summary of information on a variety of available biofuels

Fuel
Type

Aromaticity
(%)

Area Density
[kg/ha]

Energy Density
[MJ/kg]

Volume Density
(15 C) [kg/m^3]

Cost
[USD/kg]

Emissions
[gCO2/MJ]

JP-8 18.8 [66] - 42.8 [67] 775-840 [67] 0.55 16 73.1 [68]

Algae Oil
11 [66] 80,370 [69] 41 [70] 846 [70]

Open pond
3.24 [66]

35.2 [71]

Closed
Photobioreactor
6.85 [66]

86.5 [71]

Jatropha Oil 11 [66] 1,590 [69] 44.3 [68] 749 [67] 1.22 [72] 20-60 [71]
Camelina Oil 24.2 [66] 490 [69] 44.0 [68] 753 [67] 1.08 [73] -10 - 60 [71]
Soybean Oil 2.6 [66] 375 [69] 37 17 917 18 0.79 [66] 30 -250 [71]

As the obtained fuel consumption turns out to be 17% lower than the A321neo, the CO2 emissions per second
went down inherently, from 4.23 kgCO2/s to 3.52 kgCO2/s. This would lead to a CO2 emissions reduction of
about 7 tons for each flight over the design range of 1,800 km. The emissions per km are left out for simplicity,
as it does not bring new insights or different conclusions. Furthermore, it would require information about
the flight speed of reference aircraft during all flight phases.

For a comparison between the emissions per revenue passenger km, the passenger capacity including the
load factor for different ranges should be known. As this data is hardly obtainable, a deep analysis has been
left out. However, for the obtained fuel consumption and by using kerosene as only fuel source, a value for
the Boeing 747 gCO2/passenger/km is found. Considering the combination of payload and range, this value
is significantly lower than for comparable aircraft as can be seen in [74]. An analysis of this fashion is of
importance however, as is illustrated by the following example. The PW1122G-JM engine turns out to be very
favorable in terms of fuel consumption, being close to the one found for the aircraft under consideration.
It is being used to power the Irkut MC-21 series, with a maximum passenger capacity varying from 132 to
212 passengers 19. As the TU-ecoliner has a payload capacity of 240 passengers, averagely loaded with 226
passengers, the emissions per passenger km will turn out less than the Irkut series, even though the difference
in fuel consumption is merely 1%.

16as defined in the HF-STK-AL-08 [3],
17https://www.soya.be/soybean-oil-nutritional-values.php [cited 30 May 2018]
18https://www.sigmaaldrich.com/catalog/product/supelco/47122?lang=en&region=NL [cited 30 May 2018]
19https://www.aerospace-technology.com/projects/irkut-21-aircraft/ [Cited 22 June 2018]

https://www.soya.be/soybean-oil-nutritional-values.php
https://www.sigmaaldrich.com/catalog/product/supelco/47122?lang=en&region=NL
https://www.aerospace-technology.com/projects/irkut-21-aircraft/
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Next to bringing down the fuel consumption, another way of reducing emissions that is considered viable
within the next generation is by using alternative fuels that emit less than conventional fuel. With "emitting
less" the net effect is met, i.e. taking into consideration the entire life cycle of the resource.

A promising new technique to reduce carbon emissions and thus slow global warming is the so called Solar
Fuel. It incorporates a technology in which CO2 is converted into hydrocarbons, which can be used as con-
ventional fuel [75]. The advantage of this is that it is a so called ’drop-in fuel’ which means the current engines
need no changes to be able to use it [76]. The technique has not been used on large scale but it is promising
nonetheless as it can be used after the aircraft has been taken into operation and it is thus feasible that it will
be used in the lifetime of the aircraft.

A technique that has been under development for a longer time and that has been proven viable and effective
already, is the combustion of biomass. There are plentiful different resources of biomass, all having their ad-
vantages and disadvantages. In order to narrow down the scope of this section, the focus will lie on Oil-To-Jet
(OTJ) fuels, as those fuels interfere least with the food production, amongst other things [66]20. More specific,
the use of jatropha, camelina and algae have been looked into, also soybeans were taken into account as they
have a very high efficiency which means they are considered even though it interferes with food production.
Each of these fuels has been mixed into a blend with 60% and 80% kerosene. The results of this analysis are
shown in Figure 8.31.

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

Looking at the figure, it becomes apparent that a blend of conventional fuel and camelina shows a favorable
combination of fuel cost and emissions compared to other blends. To get a feel for the numbers, a blend of
kerosene with 40% of camelina would lead to a decrease in emissions of more than 8 tons compared to when
only kerosene is used, leading to 21.7t CO2 emitted in a flight of 1,806 km. However, an advantage of jatropha
compared to camelina is that the area density is considerably higher as can be seen in Table 8.15. This is of
importance as a high area density puts a lower demand on land usage, which is one of the major constraints
for biofuel usage [66].

The biofuel analysis was a high level analysis attempted to get a first-order idea of the impact biofuel usage
has on fuel cost and emissions. Due to the high uncertainty of in particular the yield of biomass and its related
cost, the presented data have a high uncertainty.

20Also the aromatic compound of the resources have led to this choice, along with the yield per area unit.
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8.3.3. Assessment Evaluation
In the following subsection the results of the sensitivity analysis performed on the fuel consumption analysis
will be described along with the verification and validation of the obtained results.

Sensitivity Analysis
In order to assess the sensitivity of the obtained fuel consumption the order of the polynomial used in the
analysis was altered. The results as discussed in the fuel consumption section were obtained using a polyno-
mial with an order of 3. The results of the sensitivity analysis are tabulated in Table 8.16. It can be seen that
with increasing order of the polynomial the specific fuel consumption slightly increases until the order of 4
is reached. At this point a large decrease in the fuel consumption is observed. This is where the deficiencies
of statistics are really visible. The obtained regression line shows a large drop in the fuel consumption from
a bypass ratio of 12, as can be seen in Figure 8.32. The dotted line depicts the prediction up to a bypass ratio
of 14. This explains the large decrease in fuel consumption. The same logic applies to the fifth order of the
polynomial, at which a large increase in the fuel consumption is visualized due to an increasing slope of the
respective regression line as can be seen in Figure 8.33 where again the dotted line depicts the prediction up
to a bypass ratio of 14.

Table 8.16: Specific fuel consumption as function of order of polynomial

Order of polynomial 1 2 3 4 5 6
Specific fuel consumption [kg/s] 1.236 1.306 1.425 0.768 2.704 1.361
Difference [%] -13 -8.35 0 -46 90 -4.5

Figure 8.32: Regression line of a fourth order polynomial Figure 8.33: Regression line of a fifth order polynomial

Furthermore, a sensitivity analysis is performed on the change in emissions and cost associated with a change
in the amount of biofuel used together with conventional fuel. For this, a fuel mixture of 99% conventional
fuel and 1% biofuel is assessed. The results are tabulated in Table 8.17 and show the change in emissions and
cost as a percentage compared to the case in which 100% conventional fuel is used. The results show that for
some biofuels, such as algae, the application is a trade-off between cost and emissions. It can be seen that
the use of jatropha is promising as it reduces both the emissions and cost.

Table 8.17: Change in emissions and cost associated with a 1% increase in biofuel

Jatropha (+1%) Soybean (+1%) Camelina (+1%) Algae (+1%)
Emissions [% change] -0.432 0.656 -0.685 -0.538
Cost [% change] 1.217 0.435 0.966 4.88

Verification and Validation
In order to assess the obtained results for fuel consumption during the different flight phases, a comparison
was made with reference aircraft. The results of this assessment are depicted in Figure 8.34. The specific
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fuel consumption (SFC) during take-off is depicted in red, the SFC during cruise in green and the SFC during
the approach phase is depicted in blue. The large dots represent the TU-ecoliner. It can be seen that the
TU-ecoliner performs best compared to reference aircraft as the lowest SFC values for this thrust class are
obtained. The obtained SFC values have the same order of magnitude compared to reference aircraft and
perfectly fit in the trends as obtained from the reference aircraft data.

Figure 8.34: Fuel consumption of the TU-ecoliner compared to reference aircraft

Furthermore, the emission index has been verified, as this value together with the fuel consumption deter-
mined the CO2 output of the program made for the assessment. The emission index was simply calculated
by Equation 8.68, in which E represents the energy density (column 4 in Table 8.15) and I represents the
emissions density (column 7 in Table 8.15).

Emission index = E · I (8.68)

This resulted in an emission index of 3.129 kgCO2/kgfuel, which is close to the values used in literature 21[77].

8.4. RAMS Characteristics
In this section, first the reliability of the aircraft will be discussed. After that, the availability is touched upon.
Later on, the maintainability will be elaborated. Finally, the Safety of the aircraft is discussed.

8.4.1. Reliability, Availability and Maintainability
Since the TU-ecoliner is similar to the current state-of-art aircraft in the inter-European market in many
respects, the reliability of the aircraft is expected to be comparable to these aircraft. When taking the Airbus
A321 as a baseline, reliability is predicted to be on par. However, the implementation of next-generation
aircraft monitoring technologies will increase availability and reliability, while enhancing the maintainability
of the aircraft. On the other hand, the extensive use of new technologies might lower the reliability.

For instance, the active hybrid laminar flow control (HLFC) system requires an extensive and complicated
system in order to function. The fact that this system will be brand-new and has not been implemented
on this scale before will mean that it will be more prone to begin-of-life failures. The additional level of
complexity of the wing electronics induced by the system will possibly result in a reduction of the aircraft
reliability. Moreover, the increased complexity and number of parts will lead to more maintenance and lower
availability. However, the use of technology monitoring systems means that any faults or mishaps in the
system are immediately noticed and passed on to the ground station where spare parts can be laid ready to

21https://www.ipcc.ch/ipccreports/sres/aviation/110.htm [cited 26 June 2018]

https://www.ipcc.ch/ipccreports/sres/aviation/110.htm
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minimize downtime. Additionally, the HLFC-system will be designed in such a way that section of the system
can be replaced individually. Hereby lowering the cost and time of repair for a single section of the HLFC.

When looking at the expected reliability of the engines, no significant changes compared to the Airbus A321neo
are expected. Although the engine will incorporate several new technologies, which might reduce reliability,
the addition of an extensive engine monitoring system means the overall reliability will increase. The mon-
itoring system will allow operators to check up on the engines remotely and receive maintenance warnings
and notifications. This valuable information will allow them to plan maintenance and repair activities with
greater efficiency and order the required parts in time. Thereby enhancing the overall availability of the en-
gine.

The strut is designed with high repair effectiveness in mind. Even though it must withstand the huge loads of
the wing it is easily mountable and dis-mountable. This means that downtime is minimized when repairing
and replacing the strut which is slightly more prone to damage as it is new for operators using conventional
aircraft like the A321.

8.4.2. Maintenance
As with any aircraft, expected and unexpected maintenance task will have to be carried out. Expected, or
scheduled, maintenance might include en-route service, terminating pre-flight checks, service checks and
maintenance checks [78]. These maintenance can be properly prepared and scheduled and will, therefore,
result in lower downtime and greater availability. Thanks to an extensive aircraft monitoring system, the
aircraft’s maintenance will be mostly expected or predictable. Therefore, the maintenance can be scheduled
properly, reducing downtime and maintenance cost.

Next to the regular maintenance activities, the aircraft will have to undergo regular check-up in the form of A
and C checks. These checks are standard practice in the aviation industry and are expected to still be relevant
to the next-generation of aircraft. The intervals between which these need to be performed are presented in
Table 8.18 [78]. Note that C-checks also include all A-checks.

Table 8.18: A- and C- check overview against flight hours

Check 300 600 900 1,200 1,500 1,800 2,100 2,400 2,700 3,000 3,300
1A X X X X X X X X X X X
2A X X X X X
3A X X X
4A X X
5A X X
C X

8.4.3. System Failure
Before the safety of the system could be assessed and risks could be mitigated, the potential weaknesses of
the system have to be identified. The identification of potential weaknesses are an outflow of a so-called "fail-
ure tree" or "fault tree", in which the different levels represent a cause-consequence relation. As an aircraft
consists of endless components which all have a risk of failing, the choice was made to merely focus on the
most severe events. In this way the tree gives a brief yet crucial overview of some possible causes of system
failure. The fault tree is presented in Figure 8.35.
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Figure 8.35: The fault tree for the TU-Ecoliner.

8.4.4. Safety
Safety will be guaranteed by two main design aspects, a solid redundancy philosophy and full compliance
with CS-25 [6]. Each of these aspects will be touched upon briefly in this subsection.

List of Safety Critical Functions
In order to design for safety it is important to identify the systems and functions of the aircraft that might
impact the safety when they fail. These systems or functions are compiled in the list of safety critical functions
presented below. This list includes those systems or functions whose loss of performance might lead to one
or more of the following consequences [79]:

• Death or serious injury to people
• Loss or severe damage to equipment
• Environmental harm
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The items from this are also treated with special attention in the redundancy philosophy presented below.
The list of safety critical functions includes the following items:

• Primary flight controls
• Main landing gear
• Nose landing gear
• High-lift devices
• Air-traffic control communication system
• Aircrew life-support system
• Cabin pressurization system
• Engines
• Fuel system
• Hydraulic system
• Primary flight instruments
• Brakes
• Emergency exits
• Emergency oxygen supply
• Wing structure
• Fuselage structure
• Anti-icing system
• Central flight computer
• Fly-by-wire system

Redundancy Philosophy
The redundancy philosophy has been applied in order to ensure that the aircraft will remain controllable
when multiple systems fail. Four layers of redundancy will be applied to the primary flight controls. The
layers of redundancy will be supplied by the hydraulic systems, while a further two layers will be provided by
the electrical actuators.

Moreover, the fuel system has a triple layer redundancy built in. This system allows the engines to keep
operating normally even when two fuel systems fail. The fuel pumps of these systems will also be driven by
different electrical systems, allowing the fuel system to remain operational when a power system fails.

The hydraulic system also features two redundant systems to all vital aircraft subsystems. Additionally, the
electrical system features several layers of redundancy as well. All these redundancy characteristics have been
laid out in more detail in Subsections 7.2, 7.3 and 7.4.

The basic philosophy behind the redundancy is that all important aircraft systems feature at least a double
level of redundancy. The vital flight controls will all feature four levels of redundancy and the engines fea-
ture three levels of redundancy. This philosophy will ensure that the aircraft is controllable and stable in all
situations.

CS-25 Compliance
The requirements on safety as laid out by EASA in the CS-25 regulations document [6] have been met in
order to provide a great level of safety. Not all individual requirements will be mentioned here, as they are
beyond the scope of this report. However, the following paragraph will elaborate upon the requirements on
emergency doors and evacuation devices.
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In Figure 8.3622, the position of the (emergency) doors and the evacutation devices are depicted. In this
figure, only the left part of the aircraft is shown. It has to be noted that this layout is perfectly symmetrical
about the centerline of the aircraft. A second note that has to be made is the fact that in this picture, there are
two overwing exits on each side of the aircraft. Because the aircraft that was designed has a high wing, these
will be underwing exits instead, but their position remains the same. The exits on the front (door 1), behind
the wing (door 3) and at the back (door 4) are all type I doors according to the CS-25 stipulations23. The two
underwing exits (forward and aft) are type III exits. The amount and dimensions of the emergency exits are
chosen so that they are compliant with the corresponding CS-25 stipulations.

Figure 8.36: Layout of (emergency) doors and evacuation devices22

8.5. Cost Analysis
In order for the aircraft to compete with the current inter-European state-of-the-art, it must be cost-effective.
In the following sections, the cost breakdown structure is explained. Hereafter, the development and produc-
tion cost, market price, market share, direct operating cost will be estimated. Following from this, the return
of investment is determined.

8.5.1. Cost Breakdown Structure
The total cost incurred on aircraft program, the life cycle cost, can be broken down into the development cost
(research development, test, and evaluation), acquisition cost, operating cost, and disposal cost. The cost
breakdown structure is given in Figure 8.37. The acquisition cost is the sum of the production cost and the
manufacturer’s profit. The acquisition cost, together with the development cost and the number of aircraft
produced, determines the unit price per aircraft. The operating costs include among others the maintenance
and fuel costs. In order to make the aircraft attractive for airlines to buy, the direct operating cost should be
kept as low as possible.

22https://www.airbus.com/content/dam/corporate-topics/publications/backgrounders/techdata/aircraft_
characteristics/Airbus-Commercial-Aircraft-AC-A321-Feb18.pdf [cited 14 June 2018]

23https://www.easa.europa.eu/sites/default/files/dfu/agency%2measures%2docs%2certification%
2specifications%2CS%225%200%2CS%225%2Amdt%212%2Change%2Information.pdf [cited 14 June 2018]

https://www.airbus.com/content/dam/corporate-topics/publications/backgrounders/techdata/aircraft_characteristics/Airbus-Commercial-Aircraft-AC-A321-Feb18.pdf
https://www.airbus.com/content/dam/corporate-topics/publications/backgrounders/techdata/aircraft_characteristics/Airbus-Commercial-Aircraft-AC-A321-Feb18.pdf
https://www.easa.europa.eu/sites/default/files/dfu/agency%2measures%2docs%2certification%2specifications%2CS%225%200%2CS%225%2Amdt%212%2Change%2Information.pdf
https://www.easa.europa.eu/sites/default/files/dfu/agency%2measures%2docs%2certification%2specifications%2CS%225%200%2CS%225%2Amdt%212%2Change%2Information.pdf
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Figure 8.37: Breakdown of the Aircraft’s Life Cycle Cost

8.5.2. Development and Production Cost
The combined development and production cost in US dollars of the aircraft are estimated using statistical
cost estimating relationships of the RAND DAPCA IV model as suggested by Raymer [29]. As this is the cost in-
vested by the manufacturer, it is referred to as the investment cost (Cinv). This cost model is given by Equation
8.69.

Ci nv = HE RE +HT RT +HM RM +HQ RQ +CD +CF +CM +Ce Ne +Cavi oni cs (8.69)

The factors this equation are the labor hours for production, hourly rates, development support costs, materi-
als cost, engine cost and avionics cost. These are estimated using statistical equations that use empty weight
and cruise speed as input. Raymer recommends to increase the hours and cost estimates by about 30% for
advanced advanced designs. The estimated hours are based on aluminum aircraft, however the TU-ecoliner
is build mainly from CFRP. Therefore, a fudge factor of 1.3 is applied to the estimated labor hours. Lastly, the
costs are multiplied by a factor of 1.51 to take into account the inflation from 1999 to 2018. The components
contributing to the development and production cost are presented in Table 8.19. The estimated investment
cost is:

Ci nv = 33,287,983,292 = 33.3billionUSD (8.70)

Table 8.19: Breakdown of the development and production cost

Cost component Symbol Cost [USD]
Engineering HERE 6,477,441,334
Tooling HTRT 8,096,575,743
Manufacturing HMRM 12,501,576,557
Quality control HQRQ 2,767,386,662
Development support CD 463,706,444
Flight test CF 188,224,288
Materials CM 2,761,314,196
Engine CeNe 6,191,198
Avionics Cavionics 25,566,866
Total Cinv 33,287,983,292
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8.5.3. Market Price
To estimate a reasonable purchase price of a single aircraft, statistical from reference aircraft are used. Sforza
[47] proposes a relation between empty weight in pounds and total aircraft cost (TC) based on the price and
weight data of 32 Boeing and Airbus aircraft, including the current state of the art such as the Airbus 321neo
and the Boeing 787-10. This correlation is given by Equation 8.71. It gives the purchase price in millions of
US dollars.

TC = 1.1 ·425 ·er f

[
We −104

4.5 ·105

]
(8.71)

The factor 1.1 is used to inflate the price from 2012 to 2018. The resulting purchase price is 85.2 million USD.

8.5.4. Market Share
To determine the market share of the aircraft, the market analysis (Chapter 2) was consulted, in conjunction
with an estimated market share based on the current competition. Over the next 20 years, Boeing and Airbus
estimate deliveries of 5,880 and 5,249 single aisle aircraft, respectively [5, 13], in Europe alone. Furthermore,
considering 4% will be regional jets with less than 100 seats, and that larger members of the Boeing and Airbus
single aisle category account for approximately 98% of family deliveries [15], it is conservatively estimated
that around 5170 aircraft in the large single aisle category are forecast to be delivered.

Of the current single aisle aircraft produced by Airbus, 31% of total European orders are in the 230-240 seat
category24. Assuming this value is representative of the market demand for aircraft in the 230-240 seat cat-
egory, 1600 aircraft in the TU-ecoliner’s segment are forecast over the next 20 years, or 80 aircraft per year.

With the A321neo’s dominating the 240 seat market, and a 737MAX series equivalent due for entry in 202025,
it is assumed that the 230-240 seat market will be composed of the A321neo, the 737MAX 10 (230 seats) and
the TU-ecoliner. The market share estimates for these aircraft are 40% and 20% respectively [15]. Thus, an
estimated market share of 40% is allocated to the TU-ecoliner in the 230-240 seat market.

Taking the time frame into account (and assuming constant demand), in 15 years when the TU-ecoliner en-
ters service, it will have a 40% market share of the 80 aircraft (in the 230-240 seat segment) per year, for 5
years. This results in demand for 32 TU-ecoliner’s per year, or 960 TU-ecoliners over 30 years, the intended
model production period.

8.5.5. Direct Operating Cost
In this report, the variable costs considered as Direct Operating Cost are the fuel cost, maintenance cost,
flight crew cost, depreciation, and insurance cost, as can be seen in the Cost Breakdown Structure. The DOC
is defined as cost per block hour. The block time is the time between brake release at the departure airport to
setting the breaks at the destination. A ground maneuvering time of 21 minutes is added to the flight time to
determine the block time. A flight time of 145 minutes or 2.42 hours is taken for a typical mission of 1800 km.
The block time of a mission is then:

tb = t f +21/60. = 2.42+0.35 = 2.77 hr (8.72)

The maintenance cost were estimated using elaborate cost estimating relations used by Sforza [47], who uses
the approach of developed by the Air Transportation Association of America and adjusted it for the current
application. With these estimating relations, the labor cost and materials cost for airframe and engine main-
tenance can be determined using the empty weight in pounds, take-off thrust, engine cost, labor rates, and
block time as input.

Cmai nt =Ca f ,l abor +Ca f ,mater i al+Ceng ,l abor +Ceng ,mater i al = 242.0+390.6+127.8+53.9 = 814 USD/hr (8.73)

24http://www.airbus.com/aircraft/market/orders-deliveries.html [cited 26 June 2018]
25https://www.boeing.com/commercial/737max10/index.page [cited 24 June 2018]

http://www.airbus.com/aircraft/market/orders-deliveries.html
https://www.boeing.com/commercial/737max10/index.page
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The fuel cost per hour during flight can be found by simply multiplying the fuel cost per second found in
Figure 8.31 by 3600. The cost of fuel per flight is determined by multiplying this result by the flight time,
because no fuel is burned during ground maneuvering due to the electric green taxiing system. The fuel cost
per block hour can then be calculated by dividing this by the block time. This fuel cost assumes the jet fuel
price of 1.69 dollar per gallon, which translates into a fuel cost per second of 0.61 UDS/s with an average fuel
consumption of 1.12 kg/s as determined in Section 8.3.2.

C f uel =
0.61 ·3600 ·2.42

2.77
= 1,919 USD/hr (8.74)

The flight crew cost per block hour is estimated using Equation 8.75 from [47], assuming a two-man crew,
inflated from 2012 to 2018.

Ccr ew = 1.1

(
Wto

1000
+697

)
= 820 USD/hr (8.75)

The depreciation per year is estimated by assuming that the resale value is 10 % of the market price which is
depreciated over the 30 years of aircraft lifetime. This value is divided by the total ammount of block hours
per year in which it is assumed that the aircraft performs six flights per day.

Cdep = 0.9TC /30

2.77 ·6 ·365
= 411 USD/hr (8.76)

The insurance cost is assumed to add 1 % to the direct operating costs.

The same calculations have been done for two other aircraft that operate on the target routes. The input
values that change are the cruise Mach number, empty weight, take-off weight, fuel consumption, unit price,
and take-off thrust. All other variables, such as block time have been kept constant, in order to compare the
DOC of the TU-ecoliner to other aircraft performing the same mission. The results are presented in Table
8.20. The DOC is divided by the ammount of seats available to determine the DOC per seat hour. It can be
observed that the Airbus A321neo and Boeing 737MAX9 have similar DOC per seat hour. The TU-ecoliner has
reduction in DOC per seat hour of 26 % compared to the Airbus A321neo .

Table 8.20: Comparison of the DOC with other aircraft

Cost in USD per block hour Fuel Crew Maintenance Depreciation Insurance Total DOC
DOC per
seat hour

A321neo 2,909 845 1,053 557 53 5,419 22.58
B737MAX9 2,910 838 958 497 52 5,255 23.89
TU-ecoliner 1,918 820 814 411 39 4,004 16.69

8.5.6. Return on Investment
With the development and production cost, market price, and market share known, the Return of Investment
of the aircraft program can be calculated for the manufacturer using the definition of ROI given by Equation
8.77. With the values for the development cost and number of aircraft sold determined in Section 8.5.2 and
8.5.4, a total profit of about 146 % of the initial investment in development and production will be made.

ROI = Ns ·TC −Ci nv

Ci nv
= 960 ·85,222,886−33,287,983,292

33,287,983,292
= 1.458 (8.77)

8.6. Risk Assessment
The following section describes the technical risks that may occur during the design phase. It is important
to identify these risks early in the design process to mitigate them during the design. Table 8.24 shows the
risks associated with each department, where 1 stands for the Flight Performance & Propulsion group, 2 for
Stability & Control group, 3 for the Structures group and 4 for the Aerodynamics group. The M stands for mis-
cellaneous and can not be assigned to a department. The table includes the level of impact (I) and likelihood
(L) of each risk. Impact is from negligible (1) to catastrophic (4). Likelihood is scored from nearly impossible
(1) to very likely (6). An identifier based on the design concept number has been assigned to every risk. This
results in the risk map shown in Table 8.22. For every risk a mitigation strategy is implemented. The risk map
incorporating the mitigation strategies is presented in Table 8.23.
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Table 8.21: Color chart

color green yellow red

Table 8.22: Risk map of the technical risks before mitigation

Likelihood
Impact

Negligible Marginal Critical Catastrophic

Very likely R.A.2
Likely R.4.1 R.M.4
Plausible R.A.4 R.3.2, R.M.2 R.A.1, R.A.3, R.M.1
Unlikely R.1.1, R.3.1 R.2.1, R.3.3
Very unlikely
Nearly impossible

Table 8.23: Risk map of the technical risks after mitigation

Likelihood
Impact

Negligible Marginal Critical Catastrophic

Very likely
Likely
Plausible R.M.2 R.M.1
Unlikely R.A.4, R.3.2, R.4.1 R.A.2 R.A.1, R.A.3
Very unlikely R.M.4 R.1.1, R.3.1 R.2.1, R.3.3
Nearly impossible
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Table 8.24: Risk analysis for design concepts

Department ID Cause Event Consequence L I Mitigation
1,2,3,4 R.A.1 For simplification purposes,

assumptions have to be made
for calculations

Incorrect assumption Calculation is incorrect/Aircraft has
to be redesigned

4 4 Only make assumption if it is according
to research/ Validate the assumption

1,2,3,4 R.A.2 Calculations are done through
a programmed code

Code does not calculate the in-
tended

Calculations are false 5 3 Perform verification/validation on the
program

1,2,3,4 R.A.3 Aircraft has to comply with CS-
25

Fails to meet CS-25 require-
ments

Aircraft fails certification 3 4 Take into account regulations when
setting up requirements and keep track
of them throughout the design process

1,2,3,4 R.A.4 Requirement is set up at the
start of the project

Requirement is not met Aircraft is not designed as intended 4 3 Keep track of requirements throughout
design process

1 R.1.1 Engine design is a trade-off
(e.g. between noise and emis-
sion)

The design has been optimized
for a single aspect

User requirement will not be met on
the other aspect

3 3 Keep into account requirements during
design choices

2 R.2.1 Aircraft has to be designed for
control & stability

The design has been optimized
for a single aspect

The aircraft is controllable but not
stable or vice versa

3 4 Find the balance between controllabil-
ity and stability

3 R.3.1 Wings have to be integrated
with the fuselage

During design the integration of
wing with fuselage is not taken
into account

Wings do not integrate with fuse-
lage/Aircraft has to be redesigned

3 3 System engineer keeps overview on the
components and integration of them

3 R.3.2 Implementation of CFRP on
the strut

CFRP is weak in buckling Excess of material is necessary re-
sulting in weight and cost increase

4 3 Use a different material on the strut

3 R.3.3 Implementation of CFRP on
the majority of the aircraft

Misalignment of the fibers dur-
ing production

Structure will fail 3 4 Use safety factors during calculations

4 R.4.1 Aircraft wings are supported by
a strut

Struts adds too much drag The implementation of a strut is not
feasible

5 2 Aerodynamically shape the strut to
minimize the drag

R.M.1 Implementation of electric ac-
tuators on primary flight con-
trols

Use of electric actuators on pri-
mary flight controls have not
been implemented yet

The electric actuators could show
reliability issues after extensive use

4 4 Use them as a redundant system only,
so that it is only used if the primary ac-
tuator system fails

R.M.2 EGTS system is used for taxiing The system fails during taxiing Aircraft will hold up the taxiway 4 3 Use the engines to taxi when the EGTS
system failed

R.M.3 Implementation of Hybrid
Laminar Flow Control system

System does not function prop-
erly due to contamination

Aircraft drag is increased 5 4 Deploy slats during landing and take-
off to mitigate the contamination

R.M.4 Removal of the APU A redundant system is removed During failure the redundant sys-
tem cannot be used

5 4 Implement a different redundant sys-
tem such as an extra pack of batteries
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8.7. Resource Budget Breakdown
First of all, the mass distribution of the final design is presented below in two pie charts. Beneath the two
charts Table 8.25 shows the comparison of the new masses of the aircraft wing and fuselage with respect to
the masses from mid term report. It should be noted that the skin of the wing is overdesigned as the stringers
have yet to be designed. The drag budget breakdown can be found in table 6.4.

Figure 8.38: Mass distribution of the final design at OEW condition

Figure 8.39: MTOW distribution of the final design at maximum payload condition

Table 8.25: Detailed Mass Distribution of designed components

Strutted Wing (both) Horizontal Tail Landing Gear
Component Skin Stringers Ribs Spars Strut Wingbox Other Nose Main
Mass (kg) 5,197 NA 86.6 708 138 114 205 204 1,837

Fuselage Propulsion Other
Component Skin Stringers Floor Frames Engines Nacelles

12,375
Mass (kg) 810 1,704 1,213 1,803 6,385 667
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Design Rationale

9.1. Requirement Compliance and Feasibility Analysis
A compliance matrix is presented below showing the requirements that have been satisfied for the design
of this project. This is shown below in three tables, the first presenting the stakeholders’ requirements in
Table 9.1, second presenting the product (entire aircraft) requirements in Table 9.2, and lastly the system and
subsystem requirements in Table 9.31.

Table 9.1: Compliance matrix of stakeholder requirements

Requirement Check? Requirement Check? Requirement Check?
Stakeholder - Airlines

HF-STK-AL-01 HF-STK-AL-02 HF-STK-AL-03
HF-STK-AL-04 HF-STK-AL-05 HF-STK-AL-06
HF-STK-AL-07 HF-STK-AL-08 HF-STK-AL-09
HF-STK-AL-10 HF-STK-AL-11 HF-STK-AL-12
HF-STK-AL-13
Stakeholder - Autorities
HF-STK-AU-01 HF-STK-AU-02 HF-STK-AU-03

Stakeholder - Airports
HF-STK-AP-01 UN HF-STK-AP-02 UN HF-STK-AP-03

Stakeholder - Passengers
HF-STK-PS-01 UN HF-STK-PS-02 UN HF-STK-PS-03

Table 9.2: Compliance matrix of product requirements

Requirement Check? Requirement Check? Requirement Check?
Pre-flight operations system

HF-PROD-PFOPS-01 HF-PROD-PFOPS-02 HF-PROD-PFOPS-03
Ground Operations

HF-PROD-GO-1
Flight

HF-PROD-FLT-01 HF-PROD-FLT-02 HF-PROD-FLT-03 UN
HF-PROD-FLT-04 HF-PROD-FLT-05 UN HF-PROD-FLT-06
HF-PROD-FLT-07 HF-PROD-FLT-08 HF-PROD-FLT-09
HF-PROD-FLT-10 HF-PROD-FLT-11

1 :Requirement Passed,X : Requirement Failed,U N :Unknown

110
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Table 9.3: Compliance matrix of system and subsystem requirements

Requirement Check? Requirement Check? Requirement Check?
Wing

HF-SYS-WING-01 HF-SYS-WING-02 HF-SYS-WING-03
HF-SYS-WING-04 HF-SYS-WING-05
HF-SYS-WING-BOX-1 HF-SYS-WING-BOX-2 HF-SYS-WING-BOX-3
HF-SYS-WING-HLD-1 HF-SYS-WING-HLD-2 HF-SYS-WING-HLD-3
HF-SYS-WING-AIL-1 HF-SYS-WING-AIL-2

Propulsion
HF-SYS-PROP-01 HF-SYS-PROP-02 HF-SYS-PROP-03
HF-SYS-PROP-FUE-01 HF-SYS-PROP-FUE-02 HF-SYS-PROP-FUE-03
HF-SYS-PROP-FUE-04

Landing Gear
HF-SYS-LG-01 UN HF-SYS-LG-02 HF-SYS-LG-03
HF-SYS-LG-04 HF-SYS-LG-05 HF-SYS-LG-06

Fuselage
HF-SYS-FUS-01 HF-SYS-FUS-02 HF-SYS-FUS-03
HF-SYS-FUS-04 HF-SYS-FUS-05 HF-SYS-FUS-06
HF-SYS-FUS-CL-01 HF-SYS-FUS-CL-02 HF-SYS-FUS-CL-03
HF-SYS-FUS-FL-01
HF-SYS-FUS-ST-01 HF-SYS-FUS-ST-02 HF-SYS-FUS-ST-02

As you may see in the compliance tables above, most of the requirements have been met. A requirement that
has not been checked is the floor failure. The design of the floor is planned in detailed structural analysis in
the post-DSE activities of the project (see Section 10.3).HF-STK-AP-01 and HF-STK-AP-02 are not clear due
to the fact that specific list of airports and gates have not been determined. A list of gate dimensions and
runway clearances for all desired airports from the airliner would be incorporated in the final design on the
aircraft. HF-STK-PS-01 (passenger comfort) is not clear as the fuselage dimensions are set to a minimum.
Customer testing is necessary to implement accurate comfort feedback with seat position and quality. HF-
PROD-FLT-03 must be verified building a CFD analysis of the aircraft to evaluate the dynamic stability of the
aircraft.HF-SYS-LG-01 must be verified by detailing the brake design and the brake system in the future DSE
activities.

9.2. Sustainable Development Strategy
Nowadays, sustainable development is assuming a more central role in society. In 2015 the United Nations
(UN) formulated 17 Sustainable Development Goals2 (SDGs) in order to protect the planet from human ac-
tions and consumption.

In the "Brundtland Report", a report of the World Commission on Environment and Development, sustain-
able development is defined as follows:

"Development that meets the need of the present without compromising the ability of future generations to
meet their own needs."[80]

Looking at the practical definition of sustainability, the concept touches upon different disciplines: techni-
cal or environmental, economic and social sustainability. This project will primarily focus on technical or
environmental sustainability. Despite this, the economic and social aspects should not be disregarded.

When considering the aviation industry, it is evident that three SDGs are directly applicable: ’industry, in-
novation and infrastructure’, ’responsible consumption and production’ and ’climate action’. It is apparent
that addressing the aviation sector is an important target in the process towards a more sustainable world.
Especially considering the forecast growth of the industry [81]. At the current rate, aircraft CO2 emissions are
expected to grow by up to 300% by 20503. Therefore, sustainable development is considered a high priority
in this aircraft design process.

2https://www.un.org/sustainabledevelopment/sustainable-development-goals/ [cited 3 May 2018]
3https://www.icao.int/environmental-protection/GIACC/Giacc-4/CENV_GIACC4_IP1_IP2%20IP3.pdf [cited 21 June 2018]

https://www.un.org/sustainabledevelopment/sustainable-development-goals/
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9.2.1. Sustainable Approach
In this section, first the environmental sustainability is discussed. After that, economic and social sustain-
ability is touched upon.

Environmental Sustainability
The primary purpose of designing this aircraft is to see how far we can get in decreasing the environmental
impact of an aircraft within a generation. This is a clear indication of the central role that sustainability plays
in this project. It has been concreted by requirements such as HF-STK-AL-104 and HF-STK-AL-125 [3]. From
now on the term "environmental impact" will cover both noise and emissions, unless specified otherwise.
The emissions include all the emissions produced during production, operation and disposal of the aircraft.
The sustainable framework is visible throughout the entire project approach [2].

To start off with, the range is specified so that approximately 90% of inter-European flights can be performed,
thereby preventing that the aircraft range is over-designed. This will lead to a lower fuel consumption. The
environmental impact of the aircraft is further reduced by a lower total fuel weight, keeping the aircraft weight
lower, resulting in a lower thrust requirement for a particular thrust-over-weight ratio. A lower thrust require-
ment has a positive influence on the emissions of the aircraft [82]. All together, this will make the aircraft
considerably more sustainable than its competitors.

The life cycle of the product consists of the selection of the materials, manufacturing, operational phase, op-
timization of lifetime and lastly end of life (EOL). The material shall be selected such that most of the aircraft
is recyclable and non-hazardous. Alternative materials with lower environmental impacts (carbon footprint,
recyclability, renewability, etc.) shall always be selected. The manufacturing phase will be strongly based on
the LEAN manufacturing philosophy. Where, all steps will be optimized for minimum waste of energy and
resources. Moreover, manufacturing will be centralized as much as possible in order to minimize the carbon
footprint due to transportation. The lifetime shall be optimized by designing for easy and quick repairability
with access to the regions that are either prone to failure or parts that must be checked regularly. The en-
vironmental impact and noise of the operational phase (along with the points mentioned in the preceding
paragraphs) shall be minimized by selecting the most efficient off-the-shelf engines for the N+1 generation.

In the end-of-life phase, major emphasis will be put on the recycling of the aircraft. Currently, around 80% -
85% of an aircraft can be recycled [83]. These recycled parts have an estimated value of between $1,000,000
- $3,000,000, where the engines are the most valuable parts [10]. For the TU-ecoliner significant efforts will
be made in order increase both the percentage of recycled materials and the value of these materials. The
benefit of these efforts will be twofold. On the one hand, recycling of the aircraft materials will lower the
overall impact on the environment, while providing a sustainable supply of high quality materials. On the
other hand, increasing the value of recycled parts provides a strong and clear incentive for operators to renew
their fleet in a timely and sustainable manner, focusing heavily on recycling. In order to achieve these goals,
the design team will work in accordance with the BMP guidelines and the AFRA accreditation [10].

Economic and Social Sustainability
For social sustainability, the following definition is found:

"Social sustainability is the enduring, harmonious quality of life of people affected and affecting a project,
program, product, or process."6

For the TU-ecoliner this relates to all stakeholders of the project. These include, but are not limited to, pas-
sengers, aircraft operators, maintenance personnel, operating crews, engineers, near-airport residents and
policy makers. These can be split up into three main groups of stakeholders, pre-operational stakeholders,
externally influenced stakeholder and the operational stakeholder.

4The aircraft shall be at least 1 noise class lower compared to current inter-European state-of-the-art aircraft.
5The aircraft shall have an emissions reduction of at least 10% compared to current inter-European state-of-the-art aircraft.
6https://clas-pages.uncc.edu/inss/blog/2013/08/15/social-sustainability-from-an-engineers-perspective/

[retrieved on 14-5-2018]
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The pre-operational stakeholder group consists of all people involved in the design, testing and manufactur-
ing of the aircraft. For this group social sustainability will mainly be realized by complying with the European
Labour Law7, which defines rights and obligations for both employers and employees. All designing, testing
and manufacturing of the aircraft shall be carried out in compliance with this law. The company behind the
TU-ecoliner will enforce this compliance within the own company but also within external companies and
partners.

Externally influenced stakeholders encapsulate all people that are in any way affected by the aircraft but do
not have a direct say in the way it is operated. These are the people living around airports or under the ap-
proach and departure routes. Social sustainability for these people means that their worries and complaints
are taken seriously and that together with them a sustainable solution is found to ensure they live in harmony
with the aircraft. Special emphasis has been put on reducing aircraft noise and emissions.

Operational stakeholders include the passengers, maintenance personnel, legislators and aircraft operating
personnel. For these stakeholders, social sustainability is mainly achieved by designing and building a safe,
maintainable and comfortable aircraft in accordance with international legislation.

For this aircraft, economic sustainability is achieved by ensuring that the entire supply chain, from the raw
material supplier up to aircraft operators, can sustain a profitable operation. Besides this the project seeks to
lower the direct operating cost in an effort to make flying more accessible.

7http://ec.europa.eu/social/main.jsp?catId=157&langId=en [cited 21 June 2018]
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Outlook

In this chapter, the future of the project will be outlined. First, in Section 10.1, the manufacturing, assembly
and integration plan will be discussed. After that, in Section 10.2, the project design and development logic
is elaborated on. Finally, in Section 10.3 the planning for the post-DSE phase of the project is elaborated on.

10.1. Manufacturing, assembly and integration plan
In Figure 10.1 the manufacturing, assembly and integration (MAI) plan is depicted. It shows a time ordered
outline of the activities required to construct the product from its constituent parts. The process of construct-
ing an aircraft starts with manufacturing the small parts such as rivets, bolts, stringers or spars. Simultane-
ously, or in some cases maybe earlier, the parts and subsystems that are not made by the manufacturer itself
need to be ordered. Some parts or subsystems take a while to be produced and thus delivered. When all parts
of a certain assembly are there, the assembling can begin. First, subsub assemblies such as the wingbox,
skin panels or flaps are made, which are then used to make the sub assemblies such as the fuselage sections,
the wing sections or the landing gear. After that, these sub assemblies are combined into a final assembly of
which the complete aircraft is the output. Next, the aircraft needs a layer of paint. The final step is also the
most important step, namely flight testing. Without proper tests the safety cannot be guaranteed. After it
passed the flight tests, the aircraft is ready to be delivered to the customer.

Figure 10.1: Manufacturing, Assembly and Integration Plan
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10.2. Project Design and Development Logic
The project design and development logic is a flow chart that shows the logical order of activities as
they are executed in the post-DSE phases of the project and can be seen in Figure 10.2. The green
boxed are the top level of the diagram and provide the general guideline. They are structured in
chronological order from left to right. It starts with design and goes through the whole process, un-
til the first aircraft is delivered to the customer. The yellow boxes provide the second level of detail
and are given per green box in chronological order. It provides more detail on what is meant with the
bigger tasks in the green boxes. For example, the Design starts with iterating the preliminary design.
Then the detailed design is made and also the tooling and production process is laid out. The arrows
connecting the boxes indicate wether the tasks are performed in series or in parallel. The tasks given
in the project design and development logic will be further detailed in the project Gantt chart which
will be elaborated on in Section 10.3.

Figure 10.2: Project design and development logic diagram



10.3. Post-DSE Planning 116

10.3. Post-DSE Planning
In Figures 10.3 and 10.4, the project Gantt chart can be seen. This gives the post-DSE activities pre-
sented in the project design and development logic in more detail. They are also assigned a duration.
The tasks for the test flight campaign were taken from the airbus test flight program1. The planning
is made such that the first aircraft is delivered within 15 years as given in the requirements. As the
planning is now, there is one year of contingency for delays along the road.

Figure 10.3: Project Gantt chart part 1

1http://www.airbus.com/aircraft/how-is-an-aircraft-built/test-programme-and-certification.html
[cited 22 June 2018]

http://www.airbus.com/aircraft/how-is-an-aircraft-built/test-programme-and-certification.html


10.3. Post-DSE Planning 117

Figure 10.4: Project Gantt chart part 2



11
Conclusion and Recommendations

11.1. Conclusion
The aviation sector accounts for approximately 2% of global CO2 emissions. Paired with industry’s current
annual growth rate of approximately 5.3%, the forecast emissions are of serious concern. Currently, an area
of avoidable and unnecessary emissions lie in the operation of overdesigned aircraft on short range routes,
such as the A321neo flying inter-European routes. These are aircraft capable of flying over twice the typical
2,000 km range. Thus, to address the environmental challenges facing the civil aviation sector, it was decided
to optimize an aircraft of comparable capacity to the A321neo, for the shorter, inter-European range.

The TU-ecoliner has been developed with an emphasis on seeing "How far can we get?". With the initial goals
of reducing emissions, noise and direct operating costs, the design of the aircraft focuses on achieving savings
in these areas as much as possible. Designing for a smaller range essentially requires smaller wings, reducing
wing weight and fuel required, all of which have a direct, positive impact on operating cost and emissions.
Ultimately, as a result of an extensive market analysis, thorough concept trade-off and an in depth detailed
design, the TU-ecoliner, compared to the A321neo, boasts 17% reductions in CO2 emissions, while reducing
DOC by 24%, and meeting ICAO Chapter 14 noise regulations.

The TU-ecoliner’s improvements in efficiency come from the implementation of several key technologies
and concepts. The high, strutted wing configuration allows for the wing to reach the high aspect ratio of 14.
The result is a smaller, more efficient wing, with an overall 19% lighter structure, compared to a traditional
cantilever wing. Two geared, ultra-high bypass ratio turbo fans power the aircraft. Implementing a gearbox
allows the turbofan to reach the ultra-high bypass ratio of 14, which effectively reduces the average exhaust
velocity, in turn reducing jet noise and lowering specific fuel consumption by 17%. Furthermore, the gearbox
allows the turbine and fan to run at their respective optimal speeds. As such, less compressor and turbine
stages are required, reducing overall weight while increasing propulsive efficiency. Finally, the adoption of
state of the art technologies and operations with respect to developing a more electric aircraft have been
implemented. This includes an EGTS which completely eliminates emissions and noise on the ground, the
removal of the APU, and adoption of electric actuators, all contributing to further reductions in weight.

Each of these improvements in performance results in an aircraft optimized for the typical inter-European
range. The TU-ecoliner is capable of transporting 240 passengers on over 90% of all European routes, and
able to service 10% more airports than the current competition, while producing less emissions, meeting
noise restrictions, all at a lower cost.

11.2. Recommendations
The TU-ecoliner presents a genuinely convincing response to the environmental challenges facing the civil
aviation sector, while maintaining a commercially attractive profile. However, further refinement of the de-
sign is of course possible. As the future of aviation will be especially concerned with emissions, noise, and
a gradual shift to fully electric aircraft, additional iterations of the design to further optimize for the design
range can be done with a focus on these key aspects. Areas such as the propulsion and wing profile present
opportunities where further detailed design would have a significant impact on realizing the TU-ecoliner’s
potential performance advantages. Further detailing these systems will allow for more accurate noise and
emissions assessments. Furthermore, an emphasis on detailing the operational aspects of the aircraft will
establish the TU-ecoliner as a truly viable option for the future of clean flying.
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