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Executive overview

Around the globe, more and more people are becoming aware of the urgency to reduce humanity’s environmental footprint.
Aviation is subject to much attention in the discussion around climate change due to its environmental impact. This is
especially the case for long-haul flights. These long-haul flights only account for 5.5% of all flights flown but produce
about 50% of all aviation emissions.1 WorldBus aims to change this by providing a sustainable alternative and reducing
the carbon footprint of the aviation industry.

For a successful design, a number of requirements were given by the user thatWorldBus needs tomeet. These requirements
are listed below:2

• WorldBus shall be able to provide a non-stop flight between any two major international airports (defined as more
than 10 million passenger journeys per year).

• WorldBus shall perform this within the maximum travel time of 24 hours (from arrival at the departure airport to
leaving the destination airport).

• WorldBus shall transport a minimum of 200 passengers, including provision for sleeping on board.
• WorldBus shall meet the minimum requirements of EASA CS-25 certification specification for large aeroplanes.
• WorldBus shall have an environmental impact of less than 10% of current long-haul aircraft (e.g. B787, A380) after
considering, materials, manufacture, fuel, maintenance and recycling at end-of-life.

• WorldBus shall fly at least 4000 flight hours per year.
• WorldBus shall have an operational lifetime of at least 40000 flight hours.
• WorldBus shall have a maximum purchase price (before discount) of EUR 250 million.
• WorldBus shall have an average unit cost according to the expected production of 500 units over 20 years.
• WorldBus shall enter service in 2040.

Final design
The cumulation of the design project is a wide body, twin-engine, truss-braced aircraft. It can carry 200 passengers over a
distance of 19 000 km within 24 hours. It uses two Rolls-Royce Trent 1000R engines that are modified to run on hydrogen.
Furthermore, the cabin has a unique layout with two passenger cabins, one in the front of the aircraft and one in the back,
being separated by a large hydrogen fuel tank. These cabins consist of two floors, givingWorldBus four separate passenger
areas. WorldBus provides extra comfort to passengers by only offering economy+ and business class seats. This report
provides an overview on how the team arrived at this design.

(a) (b)

Figure 1: Renders of WorldBus while in the air and on the ground.

1https://www.eurocontrol.int/publication/eurocontrol-data-snapshot-co2-emissions-flight-distance
2taken from the WorldBus project description 2023

https://brightspace.tudelft.nl/d2l/le/content/498709/viewContent/3130687/View

i

https://www.eurocontrol.int/publication/eurocontrol-data-snapshot-co2-emissions-flight-distance
https://brightspace.tudelft.nl/d2l/le/content/498709/viewContent/3130687/View
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Financial analysis
Before analysing the finances related to the WorldBus project it is important to ensure a market exists for this aircraft. To
analyse this the current market size for long-haul aircraft is analysed, together with growth expectations and the size of the
new market reached by reducing the need for layovers on ultra-long-haul flights. Adding these up results in an achievable
market share of 80% for all flights over 13 500 km, or 0.0352% of the complete aviation market.

Next, the higher comfort, short travel time, and substantially higher sustainability of WorldBus mean that passengers are
willing to pay more for a ticket. For the ultra-long-range flights that WorldBus is targeting, an average ticket price of EUR
1944 for economy+ and, EUR 3240 for business class are predicted.

A flight has operational costs which consist of variable costs per hour and fixed costs per flight. The variable expenses
consist of fuel cost, maintenance, and crew salaries adding up to a total of EUR 7463 EUR/hr. Fixed expenses consist of
landing fees, turn-around charges, cargo loading, and consumption adding up to a total cost of 16194 EUR/flight.

The capital expenses ofWorldBus consist of costs related to research & development (R&D) and manufacturing costs. The
(R&D) costs are non-recurring costs and are analysed per subsystem. This resulted in a total cost of EUR 8.9 billion for
300 aircraft which is equivalent to EUR 29.7 million per aircraft. Manufacturing costs are recurring costs and are analysed
per component as well. Here, the purchase price of two Rolls-Royce Trent 1000Rs, the extra costs for a liquid hydrogen
tank, and the extra costs for manufacturing a T-tail are taken into account. Resulting in a total manufacturing cost of EUR
410 million. Adding these to gives a total capital cost of EUR 440 million per aircraft.

A final list price for WorldBus was established to be EUR 484 million which includes a safety/profit margin of 10 percent.
This is almost double the user requirement of EUR 250 million. However, reference aircraft have a list price of EUR
300-450 million and therefore a list price of 500 million is not deemed unrealistic for WorldBus. Analysing the return on
investment (ROI) for the customer leads to a value of 96 % under the condition that WorldBus has an achievable market
share of 80% and flights are filled for a 100%. When looking at a combination of setbacks an ROI of 20%, which is
comparable to current aircraft, is found when the actual market share is 60%, flights are filled to 80% capacity, ticket
prices are 5% lower and the total costs per flight are 15% higher. This proves that the concept will be profitable from a
customer’s perspective, even taking into account the increased list price and possible setbacks.

Sustainable development strategy
It is no surprise that sustainability plays a major role in new aircraft designs. For WorldBus as well, a sustainable develop-
ment strategy has been established. The framework used for this project is created by the International Organization for
Standardization and is called ISO 26000.

First, social responsibility was taken into account by identifying and minimizing the negative impacts on society. Next,
economic performance was investigated. For this, a market analysis was performed to ensure a need for this aircraft.
Furthermore, proper budgets were established aligning the design with the cost requirements. Lastly, environmental man-
agement was looked into. As this makes up the majority of the sustainable development strategy it was elaborated on in
more detail. Sustainability requirements were set up and from this certain aircraft characteristics, which should be checked
continuously throughout the design, are determined. If these requirements were not met, solutions have been proposed to
adopt a more sustainable design.

Design options
For the design selection, two separate trade-offs were performed. A selection of the best design was made based on their
performance in four categories. Environmental impact, performance, costs, and passenger comfort.
The first trade-off focused on selecting the right wing and fuselage configuration. This resulted in three configurations
namely a blended wing, a truss-braced wing and a multi-fuselage aircraft. The second trade-off focused on the propulsion
system, from which it became clear that a liquid hydrogen-powered turbofan would be the best option. After looking into
more detail for these three configurations a final trade-off was performed based on new criteria which exemplify where
the designs differed. This trade-off showed that the truss-braced liquid hydrogen aircraft is the best contender to perform
the WorldBus mission.

Fuselage Layout
In order to design the internal layout of the aircraft, some regulations had to be taken into account for emergency exits,
lavatories, galleys, and for crew resting compartments. In total WorldBus houses six rest compartments for the crew, as
we have a total of 12 crew members, six active at a time. The aircraft will include two emergency doors of type A, and one
emergency door of type I. This allows for an evacuation of 139 passengers per cabin, (39 more than what is the WorldBus
is currently designed for. As for the lavatories, one was included for every 25 passenger, thus 8 are included on the plane.
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After designing, the internal layout of the two, two floor cabins, the exterior dimensions of the cabin could be determined,
the fuel tank lengths were then added to that. Combined with the tail cone and the cockpit length, the final fuselage dimen-
sions are shown in Table 1.

Table 1: Fuselage dimensions

Parameter Unit Value
Outer diameter [m] 6.25
Number of business seats [m] 82
Number of economy+ seats [m] 118
Cockpit length [m] 4.00
Nose cone length [m] 12.50
Tail cone length [m] 21.87
Primary tank length [m] 23.86
Secondary tank length [m] 5.07
Fuselage length [m] 75.31

Aerodynamics
To ensure the design is made for optimal aerodynamic efficiency, various design choices are made, and updated, throughout
the project. To start the wing and thrust loading diagram is created to find the optimal design point for performance
requirements. Next, with the first estimations for the aspect ratio (AR) and the taper ratio (λ), the wing planform parameters
are determined. This yielded the aerodynamic coefficients that should be achieved by the wing design, taking these into
account provides a basis to determine the optimal airfoil.

As WorldBus flies at a cruise Mach of 0.87, multiple airfoils known for performance in transonic regimes were analysed.
The airfoils are compared based on their stall behaviour, design lift coefficient, drag at design lift coefficient and critical
Mach number. After a thorough evaluation, it became evident that the SC(2)-0712 is the most optimal airfoil for this
mission as it scored equal or better on these criteria.

After the airfoil was chosen the aircraft could be analysed in more depth regarding lift and drag. No unexpected values
arose here, strengthening the belief in this aerodynamic design. Now, in order to finish the complete design, the high-
lift devices and control surfaces were designed based on the to-be-achieved maximum lift coefficient values and CS-25
requirements.

Lastly, verification of the used numerical model was performed by performing an analysis on the designed wing in XFLR5.
Most values correspond with one another, only the Oswald efficiency factor is significantly lower using the team’s numer-
ical model. Therefore, one of the recommendations made is to investigate the Oswald efficiency factor in further detail to
ensure its correctness.

Propulsion
In a conventional aircraft, the vast majority of the emissions are generated by the propulsion system. As one of the
main goals for this project is to lower the climate impact by 90%, a climate-friendly propulsion system was required. A
propulsion system based on green hydrogen was chosen for this reason, as hydrogen combustion does not produce any
CO2. For the engines, a hydrogen-fueled turbofan was selected. This combustion engine offers the best efficiency at the
transonic speeds that the aircraft is targeting. A fuel cell-electric option would offer a higher efficiency, but this option
was foregone because of the higher weight, and great cooling requirements.

The development of a new engine requires a lot of research and development when using conventional kerosene. To
develop an entirely new engine specifically for hydrogen would likely be too complex to produce a final product by 2040.
Hence, a highly efficient kerosene engine was selected to be converted to a hydrogen engine. Conversion will be much
simpler than designing a new engine from scratch. The favourable properties of hydrogen over kerosene mean that the
amount of produced NOx gasses is projected to go down by 75%, and the amount of thrust produced will be 5% higher
after the conversion. The engine selected to be converted is the Trent 1000R as it offers a very high efficiency at the thrust
level required for cruise.

To eliminate interaction between the engine exhaust flows and the truss structure, the engines could be placed out no
further than seven meters from the centre line of the fuselage. To improve safety in case of failure of the engine mounting
system, the engines were placed below and out in front of the leading edge of the wing. This will allow the engines to fly
in front of, above and then around the wing safely.
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For storage of the fuel, liquid hydrogen was the only realistic option. High-pressure hydrogen of between 300 and 700
bar would be preferred because of its significantly higher simplicity. However, the relatively low density and high forces
on the tank mean that the tanks would become far too large and hefty to allow for any sustainable flight. Therefore, liquid
hydrogen has to be used for its greater volumetric density. The hydrogen tanks are insulated with a vacuum layer, as this
offers the best insulation for a small thickness, further limiting the tank size, and therefore weight. A smaller secondary
tank is fitted to allow for one hour of flight in case the main tank’s insulation were to fail. Because its size is already
limited it can be insulated with a polyurethane foam, which offers higher reliability than vacuum insulation.

Stability and control
To ensure that WorldBus was stable and controllable, first the wing was placed resulting in a longitudinal position of the
leading edge of the mean aerodynamic chord of 30m. A trade-off for the empennage configuration resulted in a T-tail
since WorldBus has a high-wing configuration, which greatly benefits performance. To establish the most aft and forward
center of gravity (c.g) a loading diagram was created from which it became apparent that the hydrogen tank could not be
located in the back of the aircraft, since this would create too large of a shift in c.g. Placing the fuel tank in the middle
resulted in a most aft and forward c.g of 33.15m and 31.50m respectively. To size the horizontal tail a scissor plot was
created which resulted in a value for the horizontal surface area over the wing surface area Sh/S of 0.08, which is low
compared to reference aircraft which have a value of around 0.2. This can be explained by the fact that WorldBus has a
large horizontal tail moment arm due to the lengthy fuel tank and also has a T-tail, both decreasing the surface area of the
horizontal tail. This ratio results in a surface area of 28.4m for the horizontal stabiliser. The vertical tail is sized based on
three stability criteria, crosswinds, directional stability, and torque due to one engine failure resulting in a value of 0.096
for Sv/S and a vertical tail area of 35.6m2.

Lastly, the undercarriage is sized and placed, where the main landing gear is placed at a longitudinal position of 34.8m
and the nose gear at 14.4m. Since jetbridges typically reach up to 5 meters, the scrape back angle was set to 9◦ to ensure
easy boarding of passengers. To store the undercarriage it was decided to attach the main landing gear to the truss structure
and store it in the cowling with the truss structure since storage in the wing is not possible.

Performance
The take-off distance was found to be 1299m which is lower compared to reference aircraft this is due to a high CLmax

at take-off and excess thrust. Furthermore, the landing distance was found to be 2830m which is high but could be
significantly reduced by using reverse thrust or spoilers. It was found that WorldBus can’t fly at the optimal speed for
range at an altitude of 9 km. However, to reach the 19 000 km in 20.5 hours, the extra fuel needed can be taken out of the
secondary fuel tank. With the payload range diagram, it was verified that WorldBus has a harmonic range of 19 000 km
and a limiting load factor of n = 2.6 was found through the load diagram.

Structures
For the fuselage, it was decided that no windows will be fitted to the outer skin. This will eliminate most of the stress
concentrations in the skin, allowing for a much lighter fuselage. Instead, screens will be fitted to the inside of the cabins.
These will provide a real-time artificial view of the outside to comfort passengers.
The material selected for the fuselage is a carbon-fibre-reinforced polymer (CFRP). This material was chosen as it offers a
much lower weight to a more traditional aluminium structure. As every kilo that can be saved on this extremely high-range
aircraft is very valuable, CFRP was seen as the best option. CFRP does come with one drawback compared to aluminium,
which is its low electrical conductivity. This means that a metal mesh has to be fitted to the skin to minimise the damage
caused by potential lightning strikes.
The fuselage skin will be reinforced with 180 stringers going longitudinally along the fuselage. Furthermore, formers
will be fitted to keep the stringers and skin together in sheer loads. These formers have a pitch of 50 cm. Altogether this
fuselage structure is estimated to weigh 197 kN which is 12.7% of the operating empty weight (OEW).

For the liquid hydrogen tanks, two different design philosophies were applied.
The main tank carries all the fuel required to reach the maximum range. Because this tank carries a large amount of
hydrogen, a large effort has to be made to make the tank walls as thin and light as possible to limit the weight of the tank.
For this reason, the hydrogen will be held in an inner tank, which is surrounded by a second tank separated by a vacuum.
Vacuum insulation was chosen as it is an order of magnitude thinner than passive foam insulation. This lower thickness
means that the inner radius of the tank can be a lot bigger allowing for a significantly shorter tank, and therefore fuselage.
This means that the aircraft will be much lighter and more efficient. For the inner tank, high alloy steel was selected as it
is one of the few materials that can withstand the freezing temperatures of liquid hydrogen, and offered the lightest inner
tank design. For the outer tank, a CFRP tank was designed as it was over 50% lighter than a comparable steel tank.
The secondary tank is designed with a much smaller capacity than the main tank. As the secondary tank has a much smaller
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capacity, more space is available for insulation. For these reasons, a polyurethane foam insulated tank was preferred as
the foam is much more lightweight than a heavy vacuum chamber. The inner tank is again made of high alloy steel for the
same reasons outlined before. The insulating foam that was selected is a polyurethane foam that was specially designed
to withstand the temperatures of liquid hydrogen.
Inside the tanks, a heating system will be placed to control the amount of hydrogen that is boiled each second. The
vaporised hydrogen can then be extracted from the tank and transported to the engines through a compressor. The heating
system is required to provide 325 kW of power to the hydrogen to facilitate the amount of vaporisation required during
cruise.
In total the hydrogen tanks are estimated to weight up to 340 kN which is 21.9% of the OEW.

Lastly, for the wing and truss design, a program was made that analysed the loads and stresses along the span of the wing.
In order to find the optimal (lightest) truss and the wing configuration, the truss position was altered multiple times, and
for each truss position the truss force was computed. Using the truss force and the wing loading, internal load distributions
were found. This distribution then allowed a stress analysis to be performed. To ensure that not a point along the wingbox
failed, the thickness of the wingbox was increased until no failure occurred anywhere under the given load of 2.6 times
the maximum take-off weight. After having found the final wingbox thickness for a given truss position, the total wing
and truss weight was computed. This process was done for each truss position and the lightest configuration was taken to
be optimal. Below in Table 2, the final values for the wing configuration are displayed.
In total the wing structure including the truss is estimated to weight up to 418 kN which is 26.8% of the OEW.

Table 2: Description of the wing results

Truss Length [m] Weight [kg] Wingbox thickness [mm] Truss position from nose [m]
17 42561 26 36

The weights shown in Table 2, can be further optimised considering the inclusion of stiffeners along the wingbox, per-
forming a fibre orientation analysis and including more accurate truss loading scenarios.

Materials and manufacturing
For the structures of the fuselage, wings, and the majority of the hydrogen tank CFRP was selected as the best material.
The material offers better performance by such a large margin that it is almost inescapable. The main drawback of CFRP
is first and foremost the much higher cost. Furthermore, the production of the material is highly energy intensive, with a
large amount of associated CO2 emissions. Lastly, CFRP is more difficult to inspect for wear. The microcracks that are
usually relied on when inspecting aluminium are less likely to form for example. However, these drawbacks are largely
outweighed by the high associated performance. The concern with regard to recycling is currently still very relevant. But
recent developments are very promising, somewhat alleviating this concern.

The assembly of CFRP is generally simpler thanmetal structures. Larger parts are usedwith fewer fasteners and connection
points. This significantly reduces the labour costs associated with production. Labour costs are further reduced by utilizing
a lot more automated production methods like resin transfer moulding and automated tape laying. The methods will
increase the required investment upfront, but lead to a much lower operating cost.

The production plan for the whole aircraft can be split into three main phases. In phase one, eight parallel stations are
put up. These stations make sub-assemblies for things like the wing, fuselage, engine, or avionics. A parallel working
structure is preferred here for two main reasons. First, it means that if one station is slightly delayed, the other stations
can continue working as the other catches back up. Secondly, a parallel structure means that more stations working on
identical products can be set up, to synchronise the delivery interval of all sub-assemblies.
The second phase of the production plan involves the transportation of all sub-assemblies to the main assembly plant. The
phase will first move the subassemblies to their temporary storage location at the assembly plant.
In the final stage, the sub-assemblies are moved out of their temporary storage and assembled to the aircraft in order. The
time between the finishing of a subassembly and it being assembled onto the aircraft should be minimised as much as
possible to reduce the required storage space and cost.

At the final assembly plant, 300 aircraft have to be produced in 20 years. With a projected assembly time of one month
per aircraft, this means that at least two aircraft will be undergoing assembly at the same time at the plant at any given
time. The other stations will be scaled to fit this monthly delivery interval of two aircraft.

Sustainability analysis
The driving factor behind the development of the WorldBus is sustainable long-distance travel. Hence, it was essential to
check whether these goals have been met. As Carbon Fibre Reinforced Polymer (CFRP) has been chosen as the primary
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material, research was conducted into its manufacturing, production, repair and recyclability characteristics. Greenhouse
gas (GHG) emissions per kg of material from producing CFRP are 9 times greater than that of steel and 3 times greater than
that for aluminium.However, using reusing parts and recycledmaterials from decommissioned aircraft reduces this number
significantly. As CFRP has just been gaining major traction in the aviation market, much research must still be conducted
on its recyclability. As of today, from a complete aircraft, only 38% of composite structures will be recyclable. However,
CFRP recycling is a rapidly developing field of technology, and with the first WorldBus only being decommissioned in
2060 this number is sure to increase.

Next, operations were evaluated. When looking into different types of hydrogen it becomes clear that the most used
hydrogen of today, grey hydrogen, will not be acceptable for WorldBus. This is due to the fact that during the production
of grey hydrogen a lot of CO2 is emitted. Taking into account the amount of hydrogen required for a flight, this would
lead to WorldBus emitting twice the amount of greenhouse gases compared to a Boeing 787-9 per passenger per km. The
only difference is that the emissions are displaced to production, rather than operation. Then, the production of green hy-
drogen was investigated. Green hydrogen is made using electrolyis and uses green energy. Currently, only 0.5mt of green
hydrogen are produced per year, but since it is expected that green hydrogen production will increase a hundredfold by
2040, it is reasonable to expect WorldBus to fly on green hydrogen. The global warming potential (GWP) for the 787 is
compared to the WorldBus, showing this design provides a reduction of 97% in GWP per passenger per km during flight.

Lastly, noise emissions are investigated. This does not consist of a completely accurate analysis, but rather an indication
and methodology to analyse the noise produced by the airframe and engines. It was determined that the team aims for a
similar or lower noise level as produced by the Boeing 787-9. Then, a methodology was discussed to determine the noise
emissions of different aircraft components. Research regarding noise emission by truss-braced aircraft has also already
been conducted, and the results are promising. The truss seems to act as a shield reflecting some noise produced by the
engines and thus reducing total noise emissions. However, it must be noted that further research should be conducted in
order to better understand this phenomenon.

Operations
A key requirement for WorldBus is ensuring passengers can travel from entry in the departure airport until exit from the
arrival airport in less than, or equal to, 24 hours. All operations to be performed by the passengers before departure and
after arrival take a part out , of 3.5 hours, of these 24 hours. Thus, in order to determine the maximum flight time, the
operations for a passenger has been linked to a passing time to determine the time left for the flight. Next to this, WorldBus
aims to reduce its environmental impact, and therefore it was investigated how this can be reduced during aircraft ground
operations.

Starting with the latter two main innovations are expected to improve the aircraft’s sustainability. An electrical green
taxiing system and a ground power unit. After evaluation, the best option for an electrical green taxiing system would be
an external system in order to reduce aircraft weight.

Innovations regarding passenger operations showed great potential in waiting time reduction and are therefore expected
to widely be used at major airports in 2040. These innovations include biometric identification, self-service check-in and
4-door boarding. After taking all times into account it should be recommended that passengers arrive 2 hours prior to
departure, and reserve up to 1 hour after disembarking for airport operations. Taking taxiing times into account as well,
this results in an available flight time of 20 hours and 30 minutes.

Lastly, time was spent evaluating operations related to hydrogen production and storage. Agreements to develop hydrogen
infrastructure around airports exist and plausible storage tanks are available. This should therefore not pose a threat to the
choice of using liquid hydrogen as a fuel for WorldBus.

Design sensitivity analysis
For the complete design a sensitivity analysis has been performed. The parameters varied are range, velocity, altitude,
passenger number, aspect ratio, tank placement and wing placement. All parameters are varied in positive and negative
directions and their impact on the maximum take-off weight (MTOW) is quantified. From these analyses, it can be seen
that no large fluctuations exist in the MTOWwhen small changes in input variables are made. Table 3 shows an example
of a sensitivity analysis when changing range. Similar results are seen for the other input values and can be found in
Chapter 17 . Also, when looking at the results after the variation in input variables, it should be noted that WorldBus
uses the most optimal value for the MTOW in each case. This is either due to having the lowest weight, or due to the
fact that certain requirements are not met when these input variables are changed. It was found only for the aspect ratio
that the currently used value does not result in an optimised MTOW based on the models used. This might be a product
of the assumption that wing thickness is constant. It is recommended that ‘decision parameters’ (parameters which are
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determined by a design choice) are investigated in more detail during further design stages.

Table 3: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size is
indicated in orange, a decrease in weight and size in green.

Range [km] Change MTOW [mt] Change Span [m] Change
18 000 - 5.3% 215.2 - 3.8% 70.5 - 2%
19 000 - 223.8 - 71.9 -
20 000 + 5.3% 238.4 + 6.5% 74.2 + 3.2%

RAMS
It is crucial to ensure the reliability, availability, maintainability and safety of the aircraft (RAMS) and its operations. Char-
acteristics of WorldBus that differ from conventional aircraft might pose questions about whether the design is attainable
while being reliable, available, maintainable and safe. For this reason, the RAMS characteristics were established and
refined, reflecting the actual design.

All aspects of the design were analysed and considered for either reliability, availability, maintainability or safety reasons,
or for multiple of these characteristics. Aspects considering the ways WorldBus differs from conventional aircraft are
considered that might pose a threat to the RAMS of the aircraft. The CS-25 regulations were studied and a careful analysis
of the design is done to obtain the elements of the design that might pose a threat. The aspects that differ from other
conventional aircraft were investigated and were either disproved to be a threat to the design or a solution was found that
was included in the design to mitigate the threat. The element that was found to be the most problematic is the fuel system
which is only sensible as it bring many problems and much considerations with it as this is an innovative design concept.

Risk management
As the design progressed additional risks were identified. In the final design stage of WorldBus, risks regarding costs,
scheduling, and technical performance have been found. The following new risks have been identified:

• R-C-06: Incorrect market assessment (3 & 5)

• R-C-07: Increasing fares (4 & 2)

• R-S-01-4: Increased engine modification time (3 & 2)

• R-S-06: Maintenance delays (3 & 2)

• R-P-08-1-e: Unsuitable fuel conditions (1 & 4)

• R-P-09-8: Pylon failure (1 & 4)

• R-P-10.1-7: Fuel sensor failure (2 & 3)

• R-P-11-3: Defect lavatories (1 & 3)

• R-P-11-4: Malfunctioning cabin screens (2 & 4)

The identified risks have been mitigated. These have to do with, for instance, installing fail-safe backup systems, and
verification and validation practices during maintenance.

Future design phases
Concluding the report the future design phases of the WorldBus are discussed. The team provides a project design and
development logic showing the to-be-completed activities after completion of the Design Synthesis Exercise (DSE). This
is also shown in more detail using a Gantt chart to emphasize the time constraints related to various activities.

Finally, the support needed during the mission of the WorldBus is investigated and displayed using a block diagram. The
main aircraft operations and possible maintenance operations are visualised.
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Symbols
Symbol Definition Unit

α Angle of attack [deg]
a0 Speed of sound at sea-level (ISA) [m/s]
A Aspect ratio of main wing -
Aelement Area of a wing element [m2]
Am Mean area [m2]
Atot Total Wing Area [m2]
Aw Wing area [m2]
AMS Achievable market share -
AR Aspect ratio -
ARh Aspect ratio horizontal tail -
b Wingspan [m]
bh Span horizontal stabiliser [m]
Br Boom Area [m2]
bv Span vertical tail [m]
bE
bh

Elevator span-to-tail span ratio -
c Speed of sound [m/s]
C Clamping factor -
CD Drag coefficient (wing) -
CD0

Zero-lift drag -
CDlift

Lift induced drag coefficient -
CDmisc Miscellaneous drag coefficient -
Cd Drag coefficient (airfoil) -
CLA−h

Lift coefficient of aircraft without tail -
CLα

Lift curve slope -
CLαh

Lift curve slope of horizontal tail -
CLαA−h

Lift curve slope of main wing -
CLh

Lift coefficient of horizontal tail -
CLdes

Design lift coefficient -
CLdes,M=0

Zero Mach design lift coefficient -
Clδα

Aileron control derivative -
Clp Roll damping coefficient -
CLmax Maximum lift coefficient (wing) -
Clmax Maximum lift coefficient (airfoil) -
Cp,0 Lowest absolute value of pressure -
Cp Airfoil Element Pressure Coefficient -
Cp,cr Critical pressure coefficient -
Cp,min Minimum pressure coefficient of an airfoil -
Cmac Pitching moment coefficient around aerodynamic centre -
CE

Ch
Elevator chord-to-tail chord ratio -

Cf Skin friction coefficient -
c̃ Mean aerodynamic chord length [m]
c(y) Local chord length along span [m]
cd0 Zero-lift drag coefficient (airfoil) -
clα Lift curve slope (airfoil) -
cr Root chord [m]
ct Tip chord [m]
cf
c Chord and flaps ratio -
D Outer Tube Diameter [m]

x
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1
Introduction

Greenhouse gas emissions pose an ever-growing problem to the climate. In the European Union alone, aviation contributes
3.8%of the total CO2 emissions.3 Eurocontrol has released a long-term forecast predicting a 40% increase in flight numbers
compared to 2019 levels.4 This shows aviation is one of the fastest growing contributors to worldwide greenhouse gas
emissions (GGE). Thus, action is needed to reduce the impact of aviation on Earth’s climate.

Contrary to the aviation sector, sustainable alternatives for ground transportation are plentiful, ranging from ride-sharing
initiatives to public transportation, and from battery-electric vehicles to trains. However, the aviation sector has yet to find
a sustainable alternative for long-distance travel. WorldBus aims to be the first aircraft capable of flying between anymajor
airport worldwide whilst reducing its environmental impact by 90% compared to current long-haul aircraft. As of today,
research into long-distance flights is limited. WorldBus will identify the feasibility of performing sustainable long-distance
flights and identify which areas require additional research for the realisation of sustainable long-haul concepts.

WorldBus will allow passengers to travel the required distance within 24 hours from the departure airport door to the arrival
airport door. The aircraft shall carry 200 passengers comfortably and fly 4000 hours per year, for at least 20 years. The
WorldBus will cost EUR 484 million for a production size of 300 units, of which the first shall enter service in 2040. The
mission will be performed using sustainable propulsion methods. However, the sustainability of an aircraft also entails the
production process, service life, and end-of-life. To prolong the service life, WorldBus will be made of durable materials,
such as carbon fibre-reinforced polymer and high alloy steel.

To provide a clear overview of the final design, Chapter 2 showcases WorldBus in its final shape. Then, the mission is
explained in Chapter 3. After that, a review of the financial feasibility of the mission is performed in Chapter 4, followed by
the sustainable development strategy in Chapter 5. With the frame and context of the design project established, Chapter 6
details out all design options and describes the process behind the decision for the final configuration. The various design
processes and design inter-dependencies involved in the design of WorldBus are treated in Chapter 7. From there on, the
detailed designs of the various relevant disciplines are treated. Firstly, the aerodynamics analysis of the design is explained
in Chapter 9, focusing on the determination of the aerodynamic properties of the aircraft. The selected engine type and
necessary modifications, and its location on the wing are discussed in Chapter 10. After that, the analysis of the WorldBus
stability and control can be found in Chapter 11. Here, the wing is positioned, and the stabilisers and undercarriage are
designed. The process behind the design regarding performance is explained in Chapter 12, where the airfield, flight,
and climb performances are discussed. Furthermore, the payload-range and load diagrams are included. With the general
subsystem designs known, the focus is shifted. Firstly, the structural designs of the fuselage, the fuel tanks, and the truss-
braced wing are detailed and elaborated upon in Chapter 13. Expanding upon the structural designs, the materials and
the manufacturing methods are selected in Chapter 14. Furthermore, the production plan and productional analysis are
included.

Moving away from the detailed design, Chapter 20 contains the compliance matrix, which communicates the current
compliance of the design with the established user requirements. To determine the sustainability of the WorldBus design
and verify whether it meets requirements REQ-USER-SUS-01, the design sustainability analysis is included in Chap-
ter 15. Furthermore, the operations related to travel by aircraft are discussed in Chapter 16. To verify the stability of the
WorldBus design for varying input parameters, a sensitivity analysis is performed in Chapter 17. Reliability, availability,
maintainability and safety characteristics (RAMS) are critically explored in Chapter 18 to ensure that the design has the
most optimal and safe performance. In Chapter 19, possible risks are identified for which a contingency plan is devised. In
Chapter 21, the development strategy after this design phase is discussed for which the future processes of the development
and manufacturing phases are identified. Lastly, the conclusion and recommendations are given in Chapter 22.

3https://climate.ec.europa.eu/eu-action/transport-emissions/reducing-emissions-aviation_en
4https://www.eurocontrol.int/article/understanding-impact-climate-change-aviation
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2
Final design

Over a period of 10 weeks, the team has worked on designing a fast, long range, sustainable aircraft. The accumulation
of all of this work is a novel solution named WorldBus. A truss-braced aircraft that offers a drastic reduction in emissions,
with a higher range than the all advanced aircraft on the market. WorldBus is truly one-of-a-kind, the final design can be
seen in Figure 2.1. This chapter showcases the most important aspects of the aircraft and provides a concise overview.
Moreover, the system characteristics are given, which include systems like the electrical layout and the fuel layout, among
other systems. The remaining chapters in the technical report provide calculations and analyses to support the engineering
decisions that were made and give a more detailed overview of all the technical aspects of the design. At the end of the
report a technical drawing of WorldBus is included in Appendix E, which summarises the important dimensions of the
aircraft.

Figure 2.1: Render of WorldBus.

2.1. Design parameters
In this section, the performance characteristics ofWorldBus are shown and some design parameters are given for the weight
breakdown, finances, fuselage shape, internal layout, wing dimensions, empennage design and propulsion characteristics.

Mass breakdown
The WorldBus will carry 200 people minimum, each person accounting for 100 kg, luggage and bodyweight included.
Furthermore, the fuel mass will provide the aircraft with a range of 19 000 km. Overall, the aircraft will be 4000 kg lighter
than the current top-of-the-line, Boeing 787-9 Dreamliner. Table 2.2, gives an overview of the weight distribution of the
WorldBus design.

2
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Finances
Compared to today’s aircraft prices of 300-350 million, the WorldBus will be on the expensive side, with a listing price of
EUR 484 million. However, this is justified by the many innovative properties the aircraft comes with; extreme comfort,
revolutionary sustainability and non-stop worldwide range. Despite the high price, this project would be very profitable
for any airline willing to invest in the future of aviation, WorldBus.

Table 2.1: Finance parameters

Parameter Value Unit
Return on investment (ROI) 90% -

Listing price 484 [million EUR]
Fixed operational cost / flight 16194 [EUR]
Variable operational cost / hr 7463 [EUR]

Manufacturing cost 410.5 [million EUR]
Research & development cost 29.7 [million EUR]
Number of aircraft in fleet 300 -

Table 2.2: Mass parameters

Parameter Value Unit
MTOW 223780 [kg]
OEW 158585 [kg]
Fuel 45186 [kg]

Payload 20007 [kg]

Fuselage design
WorldBus’ fuselage contains passengers, crew, cargo and fuel. One thing that stands out is the length of 75.3m, making
WorldBus one of the longest transport aircraft. The fuselage of WorldBus is comparable in size to an Airbus A380 with a
smaller diameter. Table 2.3 shows a number of fuselage parameters.

Internal layout
WorldBus makes use of a unique and innovative cabin layout. Not only does the fuselage have two floors, but there are two
separate cabins. One cabin is right behind the cockpit, and another is at the end of the plane. In between the two cabins,
the main fuel tank is located. Then, as WorldBus is designed to fly up to 19 000 km, distances that can take up to 21 hours,
WorldBus is fitted exclusively with Economy+ and Business class seats that provide enough room for a comfortable flight
for passengers. Even though WorldBus carries only 200 passengers, it still has two aisles since a large part of the fuselage
is occupied by the hydrogen fuel tank.

Table 2.3: Fuselage parameters.

Parameter Value Unit
Tail cone length 21.9 [m]
Nose cone length 12.5 [m]
Fuselage length 75.3 [m]

Fuselage diameter (outer) 6.25 [m]

Table 2.4: Layout parameters

Parameter Value Unit
# of business seats 80 -
Business seat pitch 1.51 [m]
Business seat width 0.538 [m]
# of economy+ seats 120 -
Economy+ seat pitch 0.97 [m]
Economy+ seat width 0.478 [m]
# of emergency exits 12 -

# of aisles 2 -
# of toilets 8 -

Wing Design
The wing design of theWorldBus is also pushing engineering boundaries. WorldBus has wide, slender, highly swept, truss-
braced wings. Moreover, a high-wing configuration is used to house the truss. The high sweep of the wing delays the
occurrence of shockwaves on the wings. Shockwaves are prominent in the transonic regime and increase drag significantly,
and thus are crucial to mitigate. Table 2.5 contains values for various wing planform parameters.

Truss
The truss is one of the most important components of the WorldBus design. As the truss carries a large part of the load, the
wing is alleviated from some of the structural loads. Because of this, the wingspan can be increased, weight is decreased
and a more efficient overall design is achieved for WorldBus.
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Table 2.5: Wing planform parameters.

Parameter Value Unit
LE wing sweep 32.7 [deg]
Wing taper ratio 0.3 -
Wing span 71.9 [m]
Wing area 369.4 [m]

Wing dihedral -2.11 [deg]
Wing aspect ratio 14 -

Table 2.6: Truss parameters.

Parameter Value Unit
Truss length 16.9 [m]

Position from nose 36.1 [m]
Spanwise connection 20.8 [m]

Load carried 2452329 [N]

Control surfaces
Various control surfaces and high lift devices (HLD) are used on theWorldBus. A combination of flaps and slats were used
to reach the necessary CLmax. In Table 2.7, some geometrical properties of the control and HLDs used on the WorldBus
are displayed.

Empennage Design
The WorldBus has a T-tail due to its high wing position. This allows for a more efficient pitch control, and higher stall
angle of attack, as the downwash from the wing does not affect the flow over the horizontal tail, due to its higher position.

Table 2.7: Control surfaces parameters

Parameter Value Unit
Flaps length 10.6 [m]
Flaps chord 1.9 [m]
Slats length 15.8 [m]
Slats chord 0.6 [m]

Elevator length 5.3 [m]
Elevator chord 0.8 [m]
Rudder span 5.9 [m]
Rudder chord 1.8 [m]
Aileron span 6 [m]

Table 2.8: Empennage data

Parameter Value Unit
Horizontal tail area 27.8 [m2]
Vertical tail area 35.6 [m2]
Position from nose 70.5 [m]

Performance
In Table 2.9 some of the main performance characteristics of this aircraft are shown. TheWorldBus will be the commercial
aircraft with the longest range ever to be produced. Furthermore, the emission reduction value, is a percentage reduction
in emissions compared to today’s long range aircraft, like the B787-9, or A350-1000.

Table 2.9: Performance data

Parameter Value Unit
Stall speed 72.3 [m/s]
Cruise speed 265 [m/s]
Cruise altitude 9 [km]
Max speed 338 [m/s]
Max altitude 15.3 [km]

Emission reduction 97 [%]
Range 19000 [km]

Flight duration 20.5 [hrs]

Propulsion design
The WorldBus will be the first hydrogen-powered long-haul aircraft to exist. It is powered by a modified Trent-1000
engine, that now takes gaseous hydrogen as its fuel. The cryogenic liquid hydrogen tanks necessary to store the fuel, are
placed in the centre of the fuselage, in the middle of the two passenger cabins.
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Table 2.10: Tank data

Parameter Value Unit
Main tank length 23.9 [m]
Main tank diameter 5.7 [m]
Second tank length 5.06 [m]
Second tank diameter 5.06 [m]

Table 2.11: Engine data

Parameter Value Unit
Nacelle diameter 3.8 [m]
Nacelle length 6.2 [m]

Spanwise position 7 [m]
Max thrust 380 [kN]

2.2. System interfaces
This section provides an overview of the different system interfaces that are part of theWorldBus design. First, the electrical
architecture is given, showcasing the different electrical components in the aircraft. This is followed by a hydraulic system
layout. Then, the interactions between hardware & software within the aircraft are shown. Following this, an overview of
the environmental control is given. Finally, a fuel system layout is shown that displays how the liquid fuel is moved from
the fuel tank to the engines.

2.2.1. Electrical system
In Figure 2.2, the electrical block diagram is showcased. This shows all the aircraft systems that rely on electrical power
from the aircraft. This gives both a high and low-level overview of the electrical systems in the aircraft. In the low-level
diagram, various electrical buses (black rectangles) can be seen, these act as junction points, where input electricity can
be transferred to other electrical systems. In the case of an aircraft, systems like the cabin lighting, the cockpit screens and
more, would each be connected to a bus to receive the power they need.
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Figure 2.2: Electrical block diagram of aircraft.

2.2.2. Hydraulic system layout
In Figure 2.3, the hydraulic system layout diagram is shown. This diagram shows the preliminary makeup of the hydraulic
systems, emphasizing the redundancies designed in the system, the fluid flow, and the components it attends.
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Figure 2.3: Hydraulic system layout of aircraft.

2.2.3. Hardware & software
In Figure 2.4, the relations between the hardware components and the various software systems on board of the aircraft
are shown. The arrows show the flow of information or signals from sensors to software, to actuators etc. This allows
for a greater understanding of the aircraft system as a whole and facilitates the integration of each system into the general
structure of the aircraft.
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Figure 2.4: Hardware and software block diagram

2.2.4. Data Handling
In Figure 2.5, the flow of data from inside the aircraft, from the aircraft to the ground, and from ground to aircraft, is
displayed. Additionally, it is shown through which hardware the data is passed before transmitted to the respective desti-
nation.
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Figure 2.5: Data handling block diagram

2.2.5. Environmental control
In Figure 2.6, the functioning of the cabin environmental control system is displayed. This system controls the temperature
and pressure of the cabin, by providing the perfect mix of outside air and current cabin air. The air is passed through
multiple heat exchangers to reach the necessary air temperature. In this case, the arrows represent the airflow.
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Figure 2.6: Environmental control diagram
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2.2.6. Fuel system layout
In Figure 2.7, the fuel system layout diagram is shown. This diagram shows the preliminary makeup of the fuel systems,
emphasizing flows to and from the fuel tanks and their integration with the engines.
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Figure 2.7: Fuel system layout of aircraft.
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Mission analysis

Throughout this chapter, the mission of WorldBus will be analysed. First, the project objective will be elaborated upon.
Next, the functional flow diagram and functional breakdown structure will be briefly addressed. Concluding this chapter,
the subsystem requirements shall be discussed.

3.1. Project objective
This section will elaborate upon the objective, the need and the user requirements of this project.

3.1.1. Objective statement
”Design, with 10 students and within 10 weeks, an aircraft that is climate-friendly and can non-stop fly 200 passengers to
and from any major airport in the world.” [1]

3.1.2. Need statement
In 2022, aviation is responsible for 2-3% of all greenhouse gas emissions.More specifically, approximately 6% of all flights
are responsible for 51% of all emissions. 5 These are the long-haul flights, which are, unfortunately, also the hardest flights
to replace with sustainable alternatives such as an electric car or train. Therefore, it is of utmost importance to develop a
long-distance climate-friendly aircraft in order to minimise climate impact caused by aviation.

3.1.3. User requirements
At the foundation of each project, ordered by a client, lay the user requirements. This client defines the mission and
minimum demands to be met by the final product. For WorldBus, these requirements are described in Table 3.1 [1]:

5https://www.flightglobal.com/networks/at-6-of-flights-long-haul-services-emit-51-of-co2-eurocontrol/142445.
article

11

https://www.flightglobal.com/networks/at-6-of-flights-long-haul-services-emit-51-of-co2-eurocontrol/142445.article
https://www.flightglobal.com/networks/at-6-of-flights-long-haul-services-emit-51-of-co2-eurocontrol/142445.article
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Table 3.1: User requirements

Category ID Requirement
Performance REQ-USER-PERF-01 WorldBus shall be able to provide a non-stop flight between any

two major international airports (defined as more than 10 million
passenger journeys per year).

REQ-USER-PERF-02 WorldBus shall perform this within the maximum travel time of
24 hours (from arrival at the departure airport to leaving the des-
tination airport).

REQ-USER-PERF-03 WorldBus shall transport a minimum of 200 passengers, includ-
ing provision for sleeping on board.

Safety and Reliability REQ-USER-SAF-01 WorldBus shall meet the minimum requirements of EASA CS-
25 Certification Specification for Large Aircraft

Sustainability REQ-USER-SUS-01 WorldBus shall have an environmental impact of less than 10%
of current long-haul aircraft (e.g. B787, A380) after considering,
materials, manufacture, fuel, maintenance and recycling at end-
of-life.

Engineering Budget REQ-USER-BUD-01 WorldBus shall fly at least 4000 flight hours per year
REQ-USER-BUD-02 WorldBus shall have an operational lifetime of at least 40000

flight hours.
Costs REQ-USER-COS-01 WorldBus shall have a maximum purchase price (before dis-

count) of EUR 250 million.
REQ-USER-COS-02 WorldBus shall have an average unit cost according to the ex-

pected production of 500 units over 20 years.
Other REQ-USER-OTH-01 WorldBus shall enter service in 2040.

3.2. Functional flow diagram
In the functional flow diagram (FFD), an analysis is done of the mission to find the functions that the aircraft needs to
perform. Not only is a FFD useful to get an overview of the mission, but it also aids in generating requirements. Crucially,
requirements are set up so that the mission can be performed. If a FFD is set up correctly, the aircraft will perform all the
functions of the FFD when all requirements are met. The first step in creating a FFD is finding the highest functions. This
is shown in Figure 3.1.

Figure 3.1: Highest level of FFD

Each of these functions can then be worked out to a lower level to find out what subfunctions need to be performed to
complete the main function. It is important to note that fundamentally only function 0.2 is relevant for the operation of the
aircraft and its interaction with the environment. However, in order to have a complete overview of the entire life-cycle
of WorldBus, functions 0.1, 0.2, and 0.3 are all worked out in more detail.

Produce aircraft
In Figure 3.2, the function to produce the aircraft is shown.
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Figure 3.2: Flow diagram of the ‘produce aircraft’ function.

Operate aircraft
The largest part of WorldBus’ lifetime is spent during operation. As such, this part is worked out in most detail. In
Figure 3.3, the main components of the ‘operate aircraft’ function are shown. However, a more detailed and elaborate
overview is provided in Appendix A.

Figure 3.3: Flow diagram of the ‘operate aircraft’ function.

Dispose aircraft
Finally, whenWorldBus has been in operation for approximately 20 years, it will reach its end-of-life. Here, it is important
to consider what will happen to the aircraft when it cannot fly anymore. After all, if not properly taken into account, the
structure could still have a negative impact on the environment. A flow diagram for the disposal of the aircraft is given in
Figure 3.4.

Figure 3.4: Flow diagram of the ’dispose aircraft’ function.

3.3. Functional breakdown structure
The functional breakdown structure (FBS) provides an alternative overview for the functions that need to be performed
by WorldBus. Instead of a flow diagram, the functions are listed in a hierarchical structure. While this eliminates the
possibility to show how different functions flow into each other, it does give a better way to represent functions that are
not suitable for a flow diagram. For example, functions that are time-independent. An overview of the FBS is given in
Appendix B.

3.4. Subsystem requirements
In order to clearly lay out all key, user and subsystem requirements, a requirement discovery tree has been made and it is
shown in Appendix C. The format of the tree is an ’AND’ tree so that the corresponding top-level requirement will not
be met whenever a sub-level requirement is not met. The first branches of the tree divide the requirements into ’system
requirements’ and ’mission requirements’ sections. System requirements dictate how the system and its subsystems should
function, whereas the mission requirements concern what the system does [2].



4
Financial analysis

When designing a new aircraft, the financial feasibility of this enterprise must be carefully investigated. In this chapter, a
revised financial analysis will be elaborated upon. First, a market analysis will be performed in Section 4.1. Then a cost
breakdown, portraying both the capital expenses and the variables expenses, will follow in Section 4.2. Furthermore, the
first two sections will be combined in a return on investment (ROI) analysis in Section 4.3. This return on investment
calculation method will be used in constructing the final financial picture, portraying the list price and return on invest-
ment of the enterprise, in Section 4.4. After this, where necessary, the models used are validated in Section 4.5. Lastly,
conclusions and recommendations to the financial analysis will be discussed in Section 4.6.

4.1. Market analysis
It is of great interest to analyse the market before designing a product. This analysis consists of three primary aspects,
namely the market size, the projected pricing of the service delivered by the aircraft and, which is more interesting from
a manufacturer’s perspective, the list prices of comparable aircraft. These aspects are evaluated by carefully looking into
the current state of affairs. Lastly, a SWOT analysis will be presented.

4.1.1. Market size
When analysing a product’s financial feasibility, it is important to establish the size of the demand for this product. The
project specifically aims to deliver ultra-long-haul flights with a range of 19 000 km, producing 90% fewer emissions
compared to current aircraft. To estimate the size of the market for such flights, the market for long-haul flights was
analysed. Although relevant data for ultra-long-haul flight is unavailable, long-haul flights (greater or equal to 4000 km)
could be found to make up 6% of total flights in 2020 and 5.5% in 2021 [3]. These flights contributed to approximately
51.9% and 43.9% of total aviation emissions in each respective year. This fact confirms the necessity of the mission of
WorldBus. However, it must be noted that WorldBus will fly from any two major airports in the world, thus focusing
mostly on the flight with a very high range. This means the WorldBus will operate in the niche market of ultra-long-haul
flights. This market will be defined as the market for flights above 13500 km.

The initial market sizing was based only on the 10 longest existing flights as shown in Table 4.1. This number was then
evaluated against the total number of flights and it was stated that approximately 0.022 % of flights worldwide fall within
the mission’s objective.

14
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Table 4.1: Top 10 longest existing flight routes

Routes considered
From To Distance [km] # of flights/week
San Francisco Singapore 13593 42
Dallas Sydney 13804 11
Houston Sydney 13834 1
Singapore Los Angeles 14111 16
Dubai Auckland 14198 14
New York Auckland 14291 6
Dallas Melbourne 14552 2
Perth London 14584 11
Newark Singapore 15417 12
New York Singapore 15422 14
Sydney Amsterdam 16643 0
London Auckland 18336 0
Beijing Buenos Aires 19267 0

It should be noted that this market share of 0.022% only takes into account the flights from approximately 13 500 km to
15 500 km into account, and not the flights covering the extra 4000 km and that, thus, still fall within the design range of
the WorldBus. As no data exists yet on these added routes, assumptions to determine this market size will be made and
explained in detail.

First, for the top 10 longest existing flight routes as shown in Table 4.1, it is seen that the range increase from number 10
to number 1 is 2000 km. This means that, for these ultra-long-haul flights, the routes that are performed for a 2000 km
range increase, represent 0.022% of the market size. However, it is not expected from the market size consistently increase
with 0.022% for each 2000 km added to the range. When analysing the market share per flight distance it can be seen that
with increasing flight distance the market share decreases [4]. In Table 4.2 the total assumed market share is shown with
a decrease in market size of just over 41% per added 2000 km range.

Table 4.2: Market share per flight distance

Range Market share
13500− 15500 0.022%
15500− 17500 0.0135%
17500− 19500 0.085%
13500− 19500 0.044%

Completing the calculation, it followed that, assuming the total annual number
of flights is 33 million, there is a demand of about 14520 ultra-log-haul flights
(flights with a range of more than 13 500 km) per year. By inspecting data on the
total number of flights per year and disregarding the temporary dip in demand
during the COVID pandemic, it could be concluded that the demand for flights
has been growing linearly 6. If the demand is assumed to keep increasing at the
identified rate, it follows that, by the time the mission’s aircraft are aimed to
be delivered in 2040, the total demand will equal approximately 21000 flights
per year. This number will even increase to 35600 flights towards the end of the
lifetime of the fleet in 2080. Unfortunately, it is unrealistic to assume that the designed product will capture a 100%market
share of this market. What will, however, give this mission’s product a superior position compared to the competition is the
fact that it is projected to achieve a 90% reduction in emissions. As was discussed in the baseline report, sustainability in
aviation is becoming of increasing importance to customers, noting that customers are even willing to spend more money
for increased sustainability [2]. For this reason, it was assumed that the to-be-designed WorldBus will be able to achieve
an 80% market share over the ranges ranging from 13 500 km up to 19 500 km. This results in 0.0352% of the total market
to be served by WorldBus. This established market seems to be too small for the desired number of 500 delivered aircraft,
something that will be discussed in further detail in Section 4.4.

4.1.2. Ticket pricing
Another important aspect of the financial analysis is the ticket pricing. In order to establish a ticket price for the mission’s
ultra-long-haul flights, the current ticket prices of comparable routes were evaluated. It followed that the prices for econ-
omy class tickets for comparable return flights were, on average, close to EUR 1800 [2]. This average, however, also takes
into account flights with layovers. Furthermore, these prices are related to economy-class comfort. The designed product
will not provide standard economy comfort classes but rather focuses on delivering seats of economy+ and business class
standards. For economy+ class, it was assumed that ticket prices can be increased by 80% and ticket prices for business
class seats are 3 times more expensive than regular economy class tickets [5].

Continuing the ticket price analysis, it was discovered during research that customers are willing to spend 15% more on
6https://www.statista.com/statistics/564769/airline-industry-number-of-flights/

https://www.statista.com/statistics/564769/airline-industry-number-of-flights/
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their ticket price if promised that the flight will be 30% more sustainable [6]. It is expected that the mission’s product will
be able to respond to this opportunity adequately and that, since the reduction in emission will be 90% instead of 30%,
ticket prices can be made 20% more expensive. The current price for a regular single flight economy ticket for flights of
the determined range was approximately 900 EUR. Thus, combining the stated factors for WorldBus, the ticket price for
an economy+ class ticket for a single flight will be EUR 1944 and for business class this price will be EUR 3240.

4.1.3. Aircraft price
Another aspect of the market analysis is the aircraft price. This time, the manufacturer’s perspective is taken into account.
As will follow later, some challenges will be faced when establishing the list price of the WorldBus. In Table 4.3, the list
prices of some reference aircraft are listed.

Table 4.3: List prices of comparable aircraft

Aircraft Range List Price (million EUR) Corrected for inflation to 2023 (million
EUR)

Airbus A340-500 16668 239 (2011) 317 7

Boeing 747-8 15000 383 (2023) 383 8

Airbus A350-1000 16000 336 (2018) 400 9

Airbus A380 15200 406 (2018) 484 10

Boeing 777-200LR 15800 316 (2019) 371 11

Boeing 787-9 14100 256 (2006) 367 12

As can be read from Table 4.3, it can be noted that all list prices adjusted for inflation of aircraft with comparable ranges lie
above EUR 300 million. The prices adjusted for inflation aim to show what one would pay today for new aircraft boosting
new improvements. As McKinsey has researched, the latest-generation aircraft is about 15-20% more fuel efficient than
previous generations, thus providing a significant increase in sustainability over generations. 13 However, this is still not
quick enough and a decline in fuel efficiency gains of 3.4% is expected each year as their limits are being approached.
WorldBus aims to revolutionise the design and propulsion system of an aircraft, this will improve the sustainability of the
aircraft by 90%. The whole reason to push for better fuel efficiencies is to reduce environmental impact and WorldBus
provides a solution that greatly surpasses all designs on the market as of today. This reduction in emissions will be obtained,
whilst also enabling flight between any two major airports in the world.

These facts will, most probably, increase the aircraft list price and therefore it must be investigated whether this is the case,
and if so, whether it is still profitable to keep in operation

4.1.4. SWOT analysis
A SWOT analysis is an analysis in which the strengths, weaknesses, opportunities and threats of a product are portrayed.
Such an analysis was also performed for WorldBus and the result is depicted in Figure 4.1.

7https://aerocorner.com/aircraft/airbus-a340-500/
8https://simpleflying.com/boeing- 747- 8- value/#:~:text=How%20much%20is%20the%20Queen, longer%20sells%20the%

20Jumbo%20Jet.&text=According%20to%20ch%2Daviation.com's,position%20of%20most%20valuable%20jet.
9https://simpleflying.com/airbus-a350-1000-worth-2021/
10https://simpleflying.com/airbus-a380-worth-2021/
11https://aerocorner.com/aircraft/boeing-777-200lr/
12https://www.flightglobal.com/boeing-adds-747-8-777f-and-787-9-to-price-list/67339.article#:~:text=Boeing%

20yesterday%20released%20its%20latest,%24178.5%20million%20to%20%24188%20million.
13https : / / www . mckinsey . com / industries / aerospace - and - defense / our - insights / future - air - mobility - blog / fuel -

efficiency-why-airlines-need-to-switch-to-more-ambitious-measures

https://aerocorner.com/aircraft/airbus-a340-500/
https://simpleflying.com/boeing-747-8-value/#:~:text=How%20much%20is%20the%20Queen,longer%20sells%20the%20Jumbo%20Jet.&text=According%20to%20ch%2Daviation.com's,position%20of%20most%20valuable%20jet.
https://simpleflying.com/boeing-747-8-value/#:~:text=How%20much%20is%20the%20Queen,longer%20sells%20the%20Jumbo%20Jet.&text=According%20to%20ch%2Daviation.com's,position%20of%20most%20valuable%20jet.
https://simpleflying.com/airbus-a350-1000-worth-2021/
https://simpleflying.com/airbus-a380-worth-2021/
https://aerocorner.com/aircraft/boeing-777-200lr/
https://www.flightglobal.com/boeing-adds-747-8-777f-and-787-9-to-price-list/67339.article#:~:text=Boeing%20yesterday%20released%20its%20latest,%24178.5%20million%20to%20%24188%20million.
https://www.flightglobal.com/boeing-adds-747-8-777f-and-787-9-to-price-list/67339.article#:~:text=Boeing%20yesterday%20released%20its%20latest,%24178.5%20million%20to%20%24188%20million.
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/future-air-mobility-blog/fuel-efficiency-why-airlines-need-to-switch-to-more-ambitious-measures
https://www.mckinsey.com/industries/aerospace-and-defense/our-insights/future-air-mobility-blog/fuel-efficiency-why-airlines-need-to-switch-to-more-ambitious-measures
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Figure 4.1: SWOT analysis WorldBus

4.2. Costs breakdown
In order to be able to see if an investment is going to be profitable, it is essential to determine the costs related to the
design. These costs can be broken down into two main parts, the first being the operational expenses and the second being
the capital expenses. The operational expenses are approximated to see if operations with WorldBus will be profitable.
The capital expenses are estimated to see if the requirement of a maximum aircraft selling price of EUR 250 million is
reasonable. A visual representation of the costs breakdown is portrayed in Figure 4.2.

Figure 4.2: Costs breakdown diagram

4.2.1. Operational expenses (OPEX)
To be able to determine if operations are going to be profitable, the operational expenses must be identified. These costs
can be divided into two parts, the variable expenses per flown hour and the fixed costs per flight.



4.2. Costs breakdown 18

Variable expenses per hour of flight
The variable expenses can be identified to consist of 3 main components, namely the crew salaries, the fuel and the
maintenance of the aircraft. A substantial part of the operating costs of a flight is dedicated to the aircraft crew. The
amount consists of a lot of facets such as pilots’ and copilots’ salaries, salaries of other flight personnel, trainees and
instructors for the personnel, personnel expenses, employee benefits and pensions, and taxes on the payroll. Extensive
research was executed by the FAA to make an estimation of these crew costs. The hourly cost of the crew of a wide-
body aircraft with less than 300 passengers, flying according to a P-5.2 schedule, was identified to be approximately 1850
EUR/hr [7] [2].

Another interesting aspect of the variable costs is the cost related to the fuel of the aircraft. Instead of fuelling the aircraft
with regular kerosene, the aircraft has been designed to have green hydrogen as a propellant. The cost of this propellant is
currently 4.59 EUR/kg, however, due to an expected decrease in electricity price and production costs due to advancements
in technology, the price of green liquid hydrogen is expected to decrease to 1.56 EUR/kg by 2040.14 From calculations it
was concluded that approximately 3000 kg of hydrogen is required per hour of flight, meaning that the hourly cost of the
fuel will be around 4900 EUR/hr. This means that flying with hydrogen will actually be cheaper than flying with kerosene.

The last component of the hourly costs is related to maintenance. Since the type of aircraft is not yet existent, an estimate
of the maintenance costs is based on a wide-body aircraft with 300 seats or less, since the design is required to house
a minimum of 200 passengers and a wide-body has the most costs. These maintenance costs are based on the labour,
the repair, the maintenance of materials, airworthiness allowance provision and overhauls deferred of airframes and air-
craft engines, aircraft interchange, applied maintenance burden-flight equipment and net obsolescence & deterioration of
expendable parts. The maintenance costs for a wide-body 300 seats and below aircraft are estimated by the FAA to be
1300 EUR per block hour [7]. However, since the designed aircraft is completely new, maintenance costs are expected
to be significantly higher. For example, the maintenance costs of the Boeing 787 Dreamliner were in the range of 2300
EUR/hr.15 An increase in maintenance costs of 50% is accounted for, constituting a total of 1950 EUR/hr.

Fixed expenses per flight
The fixed expenses per flight can be identified to consist of 4 main components, namely the landing fee, the ground turn-
around charge, the cargo loading and the provision of consumptions. To land at an airport a landing fee has to be paid
by the airline. These costs vary greatly between airports. The landing fee at JFK is known and will therefore be used
as a reference point, also recognising the fact that this airport meets the assignment airport requirement in being a major
international airport. The landing fee was around 15.5 EUR per 1000 kg in 2020. 16 The final MTOW is approximately
equal to 220 000 kg, which results in a total landing fee of approximately EUR 3400 [2]. When arriving at an airport,
external parties are sometimes present for turning around and serving the aircraft. As a reference point, these costs for
a Boeing 737 aircraft are about EUR 1500. Therefore, it is estimated that for heavier aircraft and the ground turnaround
charge with inflation is around EUR 3000. 17 Another element of the costs related to ground operations is cargo loading.
The fee that a cargo loading organisation will charge depends on the MTOW of the aircraft. Looking at a brochure from
Maastricht-Aachen airport, it can be stated that the cargo loading will amount to a maximum of EUR 2500 per flight. To be
able to accommodate a comfortable flight for 200 passengers, it is important to reserve enough consumption. On average,
an economy meal costs an airline EUR 4 and a business class meal costs an airline EUR 25.18 Furthermore, we know
that we will have 83 business class passengers and 117 economy class passengers. If it is then assumed that passengers
are served 3 meals per flight, the total required budget will come down to EUR 1404 for economy class and EUR 6225
for business class. This means a total budget for consumption of EUR 7629 is required per flight. An overview of the
operational costs is shown in Table 4.4

Variable expenses EUR/hr Fixed expenses EUR/flight
Fuel cost 3663 Landing fee 3065
Maintenance 1950 Turn-around charge 3000
Crew salaries 1850 Cargo loading 2500

Consumption 7629

Table 4.4: Operational costs overview

14https://www.structuresinsider.com/post/green-hydrogen-current-and-projected-production-costs
15https://myaircraftcost.com/boeing-787-8/
16https://simpleflying.com/the-cost-of-flying/
17See footnote 16
18https://www.vox.com/the-goods/2020/2/10/21117507/airplane-food-explained

https://www.structuresinsider.com/post/green-hydrogen-current-and-projected-production-costs
https://myaircraftcost.com/boeing-787-8/
https://simpleflying.com/the-cost-of-flying/
https://www.vox.com/the-goods/2020/2/10/21117507/airplane-food-explained
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4.2.2. Capital expenses (CAPEX)
Starting off, the design will require some capital expenses. As there is a requirement for a maximum aircraft selling price
of EUR 250 million, it is essential that these costs will be lower than this amount. Else, the selling price must be increased
in collaboration with the customer. The capital expenses can be split into two parts, the costs of research & development
and costs related to manufacturing.

Costs of research & development
Every new design will require some research & development (R&D) costs. Especially for innovative designs, these
costs are generally very significant and must be considered in the pricing of an aircraft. R&D can be divided into five
categories: engineering, manufacturing engineering (materials and equipment), tool design, tool fabrication and support
(quality inspection and testing [8]. Note that these costs are non-recurring. The costs related to these R&D activities per
subsystem have been analysed by a team at Massachusetts Institute of Technology for multiple aircraft and the results are
portrayed in Table 4.5 [9]. Note that the costs have been adapted for inflation as the research stems from 2002. Besides
the correction for inflation, also the costs related to the development of hydrogen propulsion have been altered. From
extensive research it was found that the development of hydrogen propulsion is approximately 20% more expensive than
regular kerosene systems [10], this was integrated into the price of R&D for the installed engines as depicted in Table 4.5.

Table 4.5: Research and development costs per kg of each component.

Component Total
Wing (EUR/kg) 54,729
Empennage (EUR/kg) 160,976
Fuselage (EUR/kg) 99,056
Landing gear (EUR/kg) 7,707
Installed engines (EUR/kg) 32,192
Systems (EUR/kg) 105,888
Payload (EUR/kg) 33,225

Costs of manufacturing
The costs related to the manufacturing process can be divided into 3 subgroups, labour, materials and some remaining
costs summarized as ’Other’. Again, most subsystem costs are based on research at Massachusetts Institute of Technology
[8]. However, the manufacturing costs for the wing, fuselage, and propulsion system have been analysed separately.

Since it is decided to use CFRP for the manufacturing of the fuselage and wing, their material costs will be slightly higher.
It is expected that the difference in costs will decrease over time, but there will still be a 25% difference by 2030. Since
approximately 25% of the manufacturing costs of wings and fuselage is made up of material costs [8], it is fair to say that
the total increase in manufacturing costs will be 6.25%.

As the team has decided to use existing Rolls-Royce Trend 1000R engines, the costs can be estimated more precisely
than through statistical information. The purchase price of the engine is approximately EUR 20 million, but since we
need 2 engines, the total costs will be EUR 40 M million. 19 This purchase price will be used as the manufacturing cost.
Furthermore, since hydrogen is used, hydrogen fuel tanks must also be budgeted for. From research by the French ministry
of Innovation, it was found that for liquid hydrogen the tank price would be approximately 245 EUR/kg H2 [11]. This
means we will end up with a total tank cost of EUR 10.8 million, compared to only EUR 50000 for kerosene tanks. 20

Therefore EUR 10.75 million will be added to the manufacturing costs of ’Systems’. Furthermore, the manufacturing of
the empennage is expected to be more expensive due to the selection of a T-tail. Thus, an extra 20% is added. An overview
of the manufacturing costs is presented in Table 4.6.

19https://www.reuters.com/article/us-ana-rolls-royce-hldg-engines-idUSKCN1162OD
20https://www.made-in-china.com/products-search/hot-china-products/Kerosene_Tank_Price.html

https://www.reuters.com/article/us-ana-rolls-royce-hldg-engines-idUSKCN1162OD
https://www.made-in-china.com/products-search/hot-china-products/Kerosene_Tank_Price.html
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Table 4.6: Recurring cost for each component

Component Total
Wing (EUR/kg) 2,956
Empennage (EUR/kg) 7,644
Fuselage (EUR/kg) 3,171
Landing Gear (EUR/kg) 682
Installed Engines (EUR) 40000
Systems (EUR/kg) 1,395
Payload (EUR/kg) 1,740
Final Assembly (EUR/kg) 202

Total capital expenses
Using the final weights of the subsystems from the Class II weight estimations and other more precise calculations and
inspecting Table 4.5 and Table 4.6, Table 4.7, in which the total costs are portrayed, could be generated. The R&D costs
are portrayed as the cost per aircraft, this number is generated by dividing the total costs by 300, which is the number of
aircraft that will be delivered.

Table 4.7: Final values for capital expenses per subsystem

Subsystem RnD (million EUR) Manufacturing costs (million EUR) Total costs (million EUR)
Wing 7.3 125.6 132.9
Empennage 1.4 20.7 22.1
Fuselage 11.1 113.4 124.5
Landing gear 0.2 4.9 5.1
Installed engines 1.3 40 41.3
Systems 6.3 37.6 43.9
Payload 2.1 35.0 37.1
Final assembly - 33.3 33.3
Total 410.6 29.7 440.3

Thus, the expected capital costs of the designed aircraft are going to be around EUR 440 million, which is more than the
initially established selling price. It is expected that the costs related to the engine will decrease by 2040, but that will not
lead to the aspired costs decrease to be able to sell the aircraft for a list price of 250 M EUR. Summarising, the increased
capital expenses of the WorldBus compared to regular aircraft can be attributed to:

• 20% increase in R&D costs related to hydrogen propulsion
• 25% increase in material costs of wing, fuselage and empennage due to the use of CFRP
• An additional 10.5 M EUR for the inclusion of a hydrogen tank instead of a kerosene tank
• 20% increase in manufacturing costs of empennage due to use of T-tail
• 20 M EUR increase in engine costs due to utilization of existing engines instead of developing own engines

This, as well as a high wing weight, causes the list price of the WorldBus to be approximately 25% above the mean capital
expense per aircraft that is calculated based on the reference aircraft list prices discussed in Table 4.3. It is assumed that
the list prices of the reference aircraft are approximately 10% higher than the capital expenses per aircraft, meaning that
the mean capital expense per aircraft is 352 M EUR.

4.3. Return on investment
To evaluate if purchasing the designed aircraft will be a profitable enterprise from an airline’s perspective and, thus, to
evaluate if the designed aircraft will actually be bought, it is essential to perform a return on investment (ROI) calculation.
The ROI is calculated using Equation 4.1.

ROI =
(MP −DOC) ·MV ·AMS · Lifetime−DPC

Investment
· 100 (4.1)

In Equation 4.1 MP stands for market price, which is the revenue per flown flight and can be established by using the
ticket prices stated in Subsection 4.1.2 and multiplying these by the numbers of economy+ and business class passengers
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respectively. TheDOC stands for the direct operational costs, which are the costs related to a single flight and are explained
for in Subsection 4.2.1. The MV stands for the market volume or market size and is discussed in Subsection 4.1.1. The
AMS stands for the achievable market share which is also discussed in Subsection 4.1.1 and the DPC stands for the
development and production costs which is simply equal to the purchase price. Different scenarios were thought of and
their respective ROIs were calculated. These results were used in the final determination of the list price and the return on
investment at this list price shall be stated in Section 4.6.

4.4. Final financial picture
When all aspects of the financial situation have been analysed, the final financial strategy can be established. In defining
this strategy, the goal is to make sure that the project in its entirety will be profitable for both the parties involved: the
manufacturer and the customer (airline). Whereas the manufacturer will impose a minimum constraint for the list price,
the maximum constraint will be posed by the customer. The manufacturer must make sure to have a list price higher than
the capital expenses in order to make a profit and the customer must have a list price low enough to have a comfortable
profit margin (ROI).

Before one can establish the magnitude of these constraints, first a decision must be made as to how many aircraft shall
be manufactured. As was established in Subsection 4.1.1, the expected market size is way too large for the initial desire
of 500 aircraft. If 500 aircraft are produced, there will be an excess of more than 300 aircraft in 2060, causing a huge cost
inefficiency and decreasing the return on investment. Therefore, in terms of ROI, it would be more desirable to produce as
few aircraft as possible, as in this case, all aircraft produced will be constantly flying. On the other hand, a smaller amount
of produced aircraft will increase the list price, as the capital expenses related to R&D per aircraft will increase. It was
found that the ideal combination of ROI and list price was found when the amount of aircraft produced is equal to 300.

Now that the amount of aircraft produced is established, one can continue with investigating the financial constraints.
Starting with the minimum constraint posed by the manufacturer, one is quickly directed to Subsection 4.2.2 to find the
magnitude of the capital expenses. In this section the capital expense per aircraft, assuming 300 aircraft are produced over
a span of 20 years, was determined to be approximately EUR 440 million. Keeping in mind the initial user requirement of
a list price of a maximum of EUR 250 million, this is a rather high number. However, looking at the list prices of reference
aircraft with a comparable range in Table 4.3, it can be stated that the initial requirement was very ambitious in the first
place. Still, whereas the reference aircraft have list prices of EUR 300-450 million, WorldBus would be sold for a list
price in the range of EUR 500 million. This seems unrealistic. Then the question remains what the reason of this high
value is. This question can be answered by looking at the valuation performed in Subsection 4.2.2. From this section, it
can be concluded that several subsystem costs turned out higher due to the innovative character of the design, justifying
the increased capital expenses and list price. Also, the wing weight of the WorldBus seemed on the high side compared
to those of reference aircraft. As all costs are directly proportional to the subsystem weight, this also increased the capital
expenses.

Assuming this wing weight is valid, after all the wing weight of the Boeing 747 is 43 000 kg compared to 42.500 kg for the
WorldBus, the minimum constraint for the list price from amanufacturer’s perspective can be stated to be EUR 484million.
This includes a safety/profit margin of 10% to be able to deal with possible financial setbacks from a manufacturing and
development perspective.

Now that the minimum constraint has been established, it is relevant to look at the maximum list price requirement imposed
by the customer. This requirement will be primarily based on the return on investment that is achievable at the stated list
price. Also, a customer will not be willing to pay too much above the market price for aircraft when no good reasoning
is provided. It is assumed that: 15 aircraft will be produced per year over a span of 20 years, the aircraft lifetime is 20
years, the market size is equal to the market size as discussed in Subsection 4.1.1, the achievable market share is 80%, the
DPC are equal to the ones discussed in Subsection 4.2.1, ticket pricing is as determined in Subsection 4.1.2 and flights
are expected to be fully booked. In this scenario, the return on investment at a list price of EUR 484 million is expected
to be 96%, meaning a profit of EUR 140 billion in absolute terms will be achieved. This is more than enough return
on investment to keep the project interesting from a customer’s perspective. Still, this return on investment is calculated
based on more or less ideal circumstances. Normal return on investments for aircraft are in the range of 5 to 12 % 21.
It is assumed that, in order for the enterprise to stay attractive to customers, a return on investment of 20% is required.
This point can be approximated by making certain circumstances less ideal. The following worst-case scenarios can be
overcome to still keep this profit margin:

• The achievable market share is allowed to drop from 80% to 37%
• The flights may be only filled for 46 % instead of 100%
• The ticket prices may decrease by 26%

21https://www.im.natixis.com/en-institutional/insights/there-s-value-in-planes

https://www.im.natixis.com/en-institutional/insights/there-s-value-in-planes
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• The total costs per flight may increase by 80%

It is necessary to note that these worst-case scenarios may not be combined and are only calculated as stand-alone setbacks.
One realistic scenario combining these set-backs has been sketched as an example and is as follows:

• The achievable market share is 60%
• The flights are only filled for 80%
• Ticket prices are 5% lower than expected
• Total costs per flight are 15% higher than expected

In such a doom scenario, the return on investment will still be 20%. These comfortable margins were presented to the
customer and a list price of EUR 484 million was accepted. Since now both the list price constraint from the manufacturer
and the customer have been adhered to, project WorldBus is granted a green light from a financial perspective.

4.5. Verification and validation
Most items discussed in this chapter are already based on research and investigation into reference aircraft and aircraft
activities and, thus, do not need any validation. One aspect of the financial analysis, however, must be validated. the
calculation of the capital expenses, for manufacturing as well as R&D, is performed based on a model proposed by MIT
[8]. The results of this model were validated by reperforming the calculations through a secondmodel, namely the DAPCA
IVmodel described by Raymer [12]. Whereas the model proposed by the team fromMIT determined the costs of R&D and
manufacturing separately, the DAPCA IV model only gives the total costs. Still, the final values should be approximately
the same. As discussed earlier, the total capital expenses calculated by means of the MIT model amounted to a total of
EUR 440 million when the favourable wing weight was assumed. When the same weights and input variables are used
for the model from Raymer, a total capital expense per aircraft of Eur 422 million was found. This means that there is a
difference of 4%, which is deemed to be within an acceptable margin. Therefore, the MIT model for capital expenses is
accepted.

4.6. Conclusions and recommendations
In this chapter, finally, the list price of the WorldBus and its expected return on investment has been established. Fortu-
nately, it could be concluded that the enterprise will be profitable from amanufacturer’s perspective as well as a customer’s
perspective and that the project, thus, does not have to be shut down. The final list price was established to be EUR 484
million. At this list price, there will be a 10% profit margin for the manufacturer and the customer will face a 90 % return
on investment.

Further research into the financial picture of the WorldBus project is encouraged, with recommended focus points listed
below:

• Further investigate the market for ultra-long-haul flights. Investigate how many people would be willing to choose
a direct flight over a lay-over and what price they would be willing to pay for this luxury

• Further investigate the development of hydrogen fuel costs
• Further investigate the capital expenses related to the research and development of ground-breaking new designs
• Investigate the financial feasibility of using excess aircraft for shorter-range flights. Find out if flights under these
circumstances are profitable
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Sustainable development strategy

For the last decades, global surface temperatures have been rising continuously, with the last years being some of the
hottest years on record. Currently, there is a two-thirds likelihood that annual average surface temperatures will increase
by 1.5 ° in the coming five years. This will lead to increased frequency and increased intensity of extreme heatwaves,
droughts, storms, and heavy rainfall, which will greatly impact ecosystems, agriculture and water resources. Despite these
prospects, global emissions still have to drop, with 2022 being the year with the highest emissions recorded in human
industry. 22 Therefore, environmental sustainability has become an increasingly more important aspect in the design of
any new aircraft.

Furthermore, the aviation industry became more aware of the negative impact it could have on society. Therefore, social
sustainability gained more significance in the design process as well, over the last year. It encompasses the well-being
of individuals and society, and efforts to reduce negative impacts on society such as noise emissions or potential human
rights abuses.

Lastly, due to the increased competition in the industry, there has been a rising emphasis on economic sustainability.
Economical sustainability refers to the ability of an organization to maintain long-term economic viability.

For the design process of WorldBus, a sustainable development strategy was already developed in the Baseline Report [2]
to adopt environmental, social and economic sustainability. This strategy was then reviewed in the Midterm Report [13].
In this report, the strategy will be briefly reviewed again. In Chapter 15, a sustainability analysis for the design will be
performed following this strategy.

5.1. Strategy
The International Organization for Standardization has created a standard for sustainable development (ISO 26000) in any
design process which integrates the concepts of environmental management, social responsibility and economic perfor-
mance [14]. This definition and framework for what is considered to be part of sustainable development are used in the
sustainable development strategy for WorldBus.

Concerning social responsibility, several negative impacts on society have been identified. These include factors such as
aircraft noise emissions and the deterioration of climate and air quality due to greenhouse gas emissions. Furthermore,
potential human rights abuses could be present during the sourcing of materials and production process, which should also
be taken into consideration. Also, high ticket prices could result in a societal division with the high ticket prices only being
accessible to the affluent. Various solutions have been proposed to mitigate the aforementioned negative impacts. One
of those solutions would be advocating for governmental subsidies to promote sustainable flying. With these subsidies,
the high ticket prices could be reduced, making sustainable flying accessible to most of society. Furthermore, particular
attention should be given to the use of materials and parts with traceable origins. This way, forced or child labour can
be excluded from the design process. Lastly, a specific focus should be put on environmental aspects like greenhouse
gas emissions and noise emissions throughout the design process. This will mostly be addressed with environmental
management.

For economic performance, it is crucial to conduct a thorough market analysis to investigate the market need and to ensure
that there is a demand for the aircraft that’s being designed. Furthermore, it is important to establish proper budget figures
per design phase and per aircraft component. By doing this, the design can be aligned with the cost requirements. The
economic performance will also benefit from efficient resource utilization and minimizing waste.

In terms of environmental management, the main focus is on resource utilization and prevention of waste, greenhouse gas
22https://www.theguardian.com/environment/2023/jun/02/el-nino-may-push-heating-past-15c-urgent-action-avert-catastrophe
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emissions and noise emissions. A strategic approach is provided to address these environmental considerations. Firstly,
specific requirements for these aspects have been set up and aircraft characteristics are identified for assessment. Secondly,
a verification process is described to ensure compliance of the characteristics with the requirements. Thirdly, in case of non-
compliance, a course of action has been established to aim for compliance. Each of these steps will be further elaborated
in Section 5.2, Section 5.3, Section 5.4 and Section 5.5; respectively.

5.2. Requirements
In the Baseline Report, six requirements on sustainability were set up [2]. In the Midterm Report, these requirements were
reviewed [13]. A requirement on the amount of emissions was changed to a requirement on the Global Warming Potential
(GWP) value of the emissions. Further, one of the requirements was to limit emissions during fuel production. However,
several numbers in the requirements still needed to be determined. To determine these values, further investigation was
necessary which is performed in this report. Following this investigation, the other requirements were updated as well.

Firstly, the percentages limiting the emissions during operation, during production and manufacturing and during the
production of liquid hydrogen still had to be determined. These percentages depend on the top-level requirement stating
90% reduction compared to current long-haul aircraft [15]. Thus, the aforementioned percentages combined shall result in
a 90% reduction. In Subsection 15.3.2, it was found that WorldBus had a reduction of 97% of emissions during operations.
Subsequently, this value was used in the corresponding requirement. Furthermore, in Subsection 15.3.1 it was assumed that
when WorldBus enters service, it can make use of solely green hydrogen. Therefore, the requirement limiting emissions
of fuel production was set to requiring zero emissions. In literature, it was found that approximately 3% of the emissions
in the entire life cycle of an aircraft originate from production and manufacturing [16]. Considering both aforementioned
percentages, in order to achieve a 90% reduction in total emissions, the production and manufacturing must not exceed an
additional 43% of emissions compared to the Boeing 787-9. For the requirement regarding recyclability at the end-of-life,
the percentage was set at a minimum of 60% which is similar to the recyclability rates of current long-haul aircraft that
are recycled [17]. With regards to the noise emissions, it was decided to require the aircraft to produce less noise than
a similar long-haul aircraft. The requirement limiting the amount of waste was not considered anymore, which will be
further highlighted in Chapter 15. Finally, the required service life of the aircraft was extended to 20 years for financial
reasons. This exceeds the initial service life requirement from the sustainability requirements in the Midterm Report [13].
Therefore, the service life requirement for sustainability was removed. All updated requirements are listed below.

1. REQ-SUS-ENRG-1 The aircraft shall reduce total GWP emissions by 97% compared to a Boeing 787-9 during
operation.

2. REQ-SUS-ENRG-2 The production of 1 kg of liquid hydrogen will produce emissions with at most a GWP of
0.00 kg.

3. REQ-SUS-BEF-2 The entire production and manufacturing process of the aircraft shall reduce total GWP emissions
by 43% when compared to the production of a Boeing 787-9.

4. REQ-SUS-NOIS-2 The aircraft shall reduce the cumulative noise by 5 dB compared to a Boeing 787-9.
5. REQ-SUS-END-1 A minimum of 60% of the aircraft shall be reusable or recyclable.

Furthermore, two additional factors were incorporated alongside the requirements. Firstly, it should be determined whether
components or parts have a traceable and document origin, possess certification for environmentally responsible sourcing
and are free from child or forced labour. Secondly, the accessibility of components and parts was taken into consideration
in the trade-off process. This way, it was ensured that maintenance can be conducted when required or that parts have a
sufficiently long lifetime without needing maintenance.

5.3. Aircraft characteristics
Following the requirements and considerations from Section 5.2, some aircraft characteristics should be checked during
every design phase. All characteristics are listed below.

1. GWP of emissions per passenger-kilometre.
2. GWP of emissions for producing 1MJ of LH2.
3. GWP of emissions during production.
4. GWP of emissions during manufacturing.
5. Emitted noise by the aircraft.
6. Service life.
7. Fractions of materials that are recyclable at the end of life.
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5.4. Requirement verification
Having set up the requirements and identified the aircraft characteristics to be checked, the characteristics from Section 5.3
should meet the requirements from Section 5.2. In Chapter 15, the aircraft characteristics will be calculated if possible and
estimated otherwise. When the aircraft characteristics meet the requirements, they will be documented. If this is not the
case, further action is needed which will be discussed in Section 5.5. Next to this, it would be important for future design
phases to perform real-world aircraft testing. This process will be highlighted in Section 5.5 as well.

5.5. Non-compliance with sustainability requirements
Several solutions have been proposed in the Baseline Report [2] andMidtermReport [13] in case the aircraft characteristics
do not match the requirements. The solutions to adopt a more sustainable design are listed below. Further solutions when
requirements are not met will be discussed in Chapter 15

• Over-designing parts to improve long-term structural integrity to be able to reuse them at the end of life.
• Expanding the functionality of parts to make reuse easier.
• Performing a design review to lower noise emissions. This could include lowering the fan tip steep, lowering the fan
pressure ratio, lowering jet exhaust velocity, using special noise-absorbing material, and making the aircraft more
aerodynamic to prevent turbulent flow.

• Performing a design review to lower greenhouse emissions by making the aircraft more efficient. This could be
done by optimizing structures to reduce weight or optimizing aircraft shapes to reduce drag.

• Flying at different altitudes to lower the GWP value of emissions.
• Using renewable energy resources in the production process and for the production of hydrogen.



6
Design Options

In this chapter, the main design options that were considered in the midterm report are summarised. This showcases
how the team arrived at a truss-braced configuration with hydrogen propulsion, rather than a different configuration and
propulsion system.

6.1. Design options
One of the first challenges to address with the design of WorldBus was the large design space. The goal is to create an
aircraft that can fly at least 19 000 km and can bring passengers from the departure airport’s entrance to the destination
airport’s exit within 24 hours. Within these constraints, there are almost too many designs that could potentially solve
the issue at hand. In order to limit the design space, and to maximise the probability of finding a feasible design, two
different design option trees (DOTs) were made: one for the propulsion system and one for the aircraft configuration. A
DOT was made to find all possible design solutions. However, many options could be eliminated a priori for a variety
of reasons. For instance, a catapult was considered, but that will not provide the range required. This left the team with
five different configuration options: a traditional swept wing design, a blended wing body, a box wing, a truss-braced
wing or a multi-fuselage. For the propulsion system, six different options were considered: a liquid hydrogen turbojet, a
liquid hydrogen turboprop, a liquid hydrogen turbofan, a turbofan running on synthetic kerosene, a ducted fan using liquid
hydrogen and fuel cells, and finally, a ducted fan using lithium-ion batteries.

6.2. Preliminary trade-off
For both the configuration trade-off and the propulsion trade-off, a number of criteria were chosen that would aid in finding
the best option for the configuration and the propulsion system. To select criteria that were appropriate, four needs were
identified that are important to meeting the user requirements. They are the following:

• The aircraft needs to have the lowest impact on the environment possible.
• The aircraft needs to have the highest performance possible.
• The aircraft needs to be as cheap as possible.
• The aircraft needs to be as comfortable as possible.

Every criterion is chosen to be relevant to these needs, and the weight of the criterion is chosen based on how much it
will impact the need. The criteria and weights are listed in Table 6.1 and Table 6.2 for the configuration trade-off and the
propulsion system trade-off, respectively.

26
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Table 6.1: The relative importance of configuration criteria in percentages
weighted by score.
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Need importance 4 3 2 1 -
Aerodynamic
efficiency

40 50 0 30 34

Mass 30 50 10 0 29

Manufacturing 30 0 40 20 22

Compatibility airport 0 0 20 40 8
TRL 0 0 30 10 7
Total percent 100 100 100 100 100

Table 6.2: Determining the relative importance of propulsion criteria in
percentages weighted by score.
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Need importance 4 3 2 1 -
Propulsion system
weight

20 40 20 0 24

Emissions 40 0 0 60 22
Delivered energy per
stored energy mass
unit

20 30 0 0 17

Delivered energy per
stored energy
volume unit

20 30 0 0 17

Cost 0 0 40 40 12
TRL 0 0 40 0 8
Total percent 100 100 100 100 100

With the criteria established, a trade-off was performed for both the configuration selection and the propulsion type. The
result of this trade-off is shown in Figure 6.1. Every option was awarded a total score based on how well that option
performed in the trade-off, and a sensitivity analysis was performed to verify that the winner(s) of the trade-off was not the
result of an imbalanced trade-off. If this were the case, small changes in the relative importance of different criteria could
result in a different design performing best in the trade-off. With the sensitivity analysis, a specific weight was decreased
by 5 percentage points and one by one all other weights would be increased by 5 percentage points. The ‘max’ and ‘min’
columns indicate the best and worst scores achieved in the trade-off during the sensitivity analysis. As can be seen in
Subfigure 6.1a, for the configuration trade-off, the blended wing, truss-braced wing, and the multi-fuselage perform best.
Then, for the propulsion trade-off, the liquid hydrogen turbofan is clearly the best option as shown in Subfigure 6.1b.
Moreover, the sensitivity analysis showed that the relative performance of every option was not incidental.

(a) Configuration trade-off. (b) Propulsion system trade-off.

Figure 6.1: Results of preliminary trade-offs. The ‘min’ and ‘max’ columns indicate, respectively, the lowest and highest scores achieved by the
design in the sensitivity analysis.

From the trade-off, three combinations of configurations and propulsion types were chosen for further analysis. From the
propulsion trade-off, it was clear that a liquid hydrogen turbofan would be the best option. During the sensitivity analysis,
it scored best 100% of the time, regardless of which weights were changed. Then, for the configuration, three options
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were considered after the trade-off: the blended wing, the truss-braced wing, and the multi-fuselage aircraft. As stated,
every aircraft will use the liquid hydrogen turbofan propulsion system.

6.3. Final trade-off
For the three design options as listed in Section 6.2, new criteria were established that would best exemplify where the
designs differed so that the best option could be chosen. After all, every design uses the same propulsion type, so having
a criteria ‘engine efficiency’ would not be useful as all designs perform identically in that criterion. Similar to before, the
criteria were given relative weights based on how they influenced the needs. This leads to the criteria as given in Table 6.3.

Table 6.3: Determining the relative importance of the final design criteria in percentages weighted by score.
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Need importance 4 3 2 1 -
Aerodynamic efficiency 60 60 30 0 48
Manufacturing & maintenance 40 0 40 0 24
Airport compatibility 0 40 30 0 18
Passenger comfort 0 0 0 100 10
Total percent 100 100 100 100 100

Performing the final trade-off with the corresponding criteria shows that the truss-braced liquid hydrogen aircraft is the
best contender to perform the WorldBus mission. This can be seen in Figure 6.2. In the sensitivity analysis too, the
truss-braced aircraft consistently came in first place.

Figure 6.2: Results of final trade-off. The ‘min’ and ‘max’ columns indicate, respectively, the lowest and highest scores achieved by the design in the
sensitivity analysis.



7
Design integration and systems

engineering

Design integration and systems engineering (DISE) concerns the correct and effective integration of different system and
subsystem designs within a project. If not done properly, different disciplines will produce various systems and designs
that will not function together, leading to a below optimal design or even failure of the design. An efficient and productive
DISE approach requires cooperative and pragmatic communication, in which the responsible engineers have a complete
overview of the interrelations between the various systems and designs. Section 7.1 elaborates further on the DISE strategy
used during the WorldBus design process, and Section 7.2 breaks down the mass allocation among the various aircraft
systems.

7.1. Design Integration
When designing a product, it is crucial to keep in mind that each subsystem being designed and optimised, needs to be
joined together during the final assembly. Without proper integration of systems and design procedures, the final product
would not function as intended resulting in delays and increased R&D costs. Furthermore, the subsystems of an aircraft
are heavily interrelated, and these relationships can be complex. This section intends to explain how information was
centralised for this design process and how it was distributed to serve the individual subsystem design procedures. This,
in turn, provided the group with high confidence that the aircraft as a whole will function as intended when all subsystems
are put together.

To start the design process, a Class I weight estimation was used. In order to perform this estimation some external
information is needed. Reference aircraft data is found, as well as mission and engine data, to compute a first estimate
of the aircraft’s maximum take-off weight (MTOW), operational empty weight (OEW), and fuel weight. These weights
are then distributed to the various technical disciplines involved. These include aerodynamics and fuel tank design. From
aerodynamics, the wing planform, the high lift devices (HLD), and the control surfaces were sized. In addition, the drag
and lift performance of the aircraft was also analysed. The fuel tank design outputs the dimensions and weight estimate
of both the primary and secondary liquid hydrogen tanks.

Further down the line, this information is fed into the fuselage sizing procedure, the internal layout section, and a Python
program which computes the weight of the wing and the truss structure. This data is then fed into a program that designs
the structure of the fuselage. In the end, all data is transferred into a Class II weight estimation. The Class II results
are fed back into the Class I weight estimation and stability and control. Using the outputs from stability and control, the
undercarriage can be positioned and sized for ground stability. This entire process is updated and performed multiple times
until the weight variations between consecutive iterations become negligible. This iteration process increases the accuracy
of the design as the Class II weight estimation is more precise than the Class I weight estimation, and more information
about the aircraft is known as this process progresses.

As all the information is centralised in one Excel file, and all the values are automatically updated in every sheet when any
new value was found, there is high confidence that the aircraft design will function as a whole without any issues. The last
things that need to be done are analysing the aircraft performance, analysing the financial feasibility of the project, and
analysing the sustainability of the project. These three analyses verify that the user requirements are still being complied
with at the end of the design process.

The entire described process is visualised in Figure 7.1. The blocks represent the major design processes and the arrows
show the flow of information between each process. The arrows are labelled, which displays the information or data
transferred to and from a specific design section.

29
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Figure 7.1: Design process interrelations diagram.

7.2. Mass budget
In order to have a successful design of WorldBus it is important to take into account that certain components of the aircraft
might turn out heavier than initially estimated. The effect of a single change is large. For example, the fuel tank might
be heavier than expected, which causes the wing to become larger, and as a result, larger engines are required, for which
a larger fuel tank is needed. This is called the ‘snowball effect’. To prevent this from happening, it is important to have
accurate estimates for the weight fractions of the aircraft. To make sure the design of WorldBus will remain feasible when
subsystems increase in weight, a contingency margin of 10% is applied to all aircraft components and 20% to the fuselage
and wing components since these are calculated separately from the Class II weight estimations. It should also be noted
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that the WorldBus design has a strict upper limit for the MTOW, as airports do not allow for a wingspan larger than 80m.23
With the wing loading achieved in Section 9.1 a strict upper limit for the MTOW of 276 966 kg is found. In Table 7.1 the
mass breakdown of WorldBus is given. It gives an overview of the various aircraft weights, such as OEW and MTOW,
for the final design. Moreover, it gives a breakdown of the mass of aircraft components. When reviewing the MTOW
after the contingency margins are applied, it becomes apparent that it stays 20 000 kg below the upper MTOW limit of the
WorldBus design.

Table 7.1: Mass budget breakdown.

Mass Calculated value (kg) Max value (kg) Contingency margin(kg)
Wings 42 576.7 51 092.0 8515.3
Fuselage 20 091.8 24 110.2 4018.4
Empennage 2710.0 2981.0 271.0
Landing gear 7225.2 7947.7 722.5
Propulsion system 50 258.2 55 284.0 5025.8
Systems 17 973.9 19 771.2 1797.4
Operating items 2342.4 2576.7 234.2
Miscellaneous 15 579.9 17 137.9 1558.0
OEW 158 584.7 180 927.0 22 342.3
Payload 20 006.8 22 007.9 2000.7
Fuel 45 185.8 51 344.9 6159.1
MTOW 223 777.3 254 279.4 30 502.1

23https://www.nwcg.gov/sites/default/files/committee/docs/iabs-temp-atb-airport-ramp-consideration-update-2019.
pdf

https://www.nwcg.gov/sites/default/files/committee/docs/iabs-temp-atb-airport-ramp-consideration-update-2019.pdf
https://www.nwcg.gov/sites/default/files/committee/docs/iabs-temp-atb-airport-ramp-consideration-update-2019.pdf


8
Fuselage layout

In this chapter, the design of the fuselage is discussed. First, all relevant parameters established in the previous design
phase will be provided and updated if applicable. Thereafter, two drawings of the fuselage layout and fuselage cross-
section will be presented. The emergency exits, lavatories, galleys, sleeping space for the crew, stairs, overhead storage,
and cargo compartment will be discussed. It is worth noting that in the design of WorldBus the passenger compartment is
divided into two separate cabins.

8.1. Fuselage sizing
In the previous design phase, a preliminary fuselage cross-section was designed. With these dimensions, the entire fuselage
can be sized. In Table 8.1, all relevant parameters regarding the cross-section can be seen.

Table 8.1: Dimensions of the fuselage cross-section

Parameter Unit Business Class Economy+ Class
Number of seats abreast - 4 7
Seat width [m] 0.538 0.478
Armrest width [m] 0.080 0.060
Clearance distance [m] 0.02
Width of cabin [m] 3.77 5.01
Width of headroom [m] 3.03 4.37
Aisle height [m] 1.94
Aisle width [m] 0.51
Shoulder height [m] 0.95
Headroom height [m] 1.68
Floor height [m] 0.20

From the internal layout, the inner- and outer diameters of the fuselage were determined. Using those values, the nose
cone, tail cone, and tail length were found. The cockpit length was estimated on a fixed value. From the number of
passengers and configuration details, the number of rows and consequently the cabin length was estimated. Since the fuel
tank is incorporated into the fuselage, the tank length is added to the fuselage. Moreover, differently from the previous
design phase, the secondary tank is moved from the tail to behind the primary tank due to its increased size. Therefore,
the length of the secondary tank must also be added to the fuselage. In addition, the lengths of the tanks differ from the
previous design phase due to the design iterations performed. A change in weight means, among other things, a change in
fuel needed, and therefore a change in tank length. Adding all lengths provides a total fuselage length. All sizes are given
in Table 8.2.

The values from Table 8.1 and Table 8.2 have been verified in the midterm report [13]. This involved inputting data
from the Boeing 757-200 into our calculation method and comparing the results with actual aircraft data. The deviations
observed were found to be below 5%, indicating that our method provides reasonable and correct results.

8.2. Fuselage layout and cross-section
In Figure D.1 given in the appendix, the top view of the fuselage layout is presented. The placement of the emergency exits,
lavatories, galleys, crew rest compartments, and the stairs are included in this layout. In Figure 8.1, the fuselage cross-
section is presented. These drawings show that placing the fuselage parts and passengers inside the designed fuselage is
feasible. In a further design phase, this design could be further optimised and adapted to the airline’s wishes if necessary.
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Table 8.2: Fuselage dimensions

Parameter Unit Value Parameter Unit Value
Inner diameter [m] 5.90 Outer diameter [m] 6.25
Seat pitch business class [m] 1.51 Seat pitch economy+ class [m] 0.97
Front cabin length [m] 15.82 Aft cabin length [m] 15.82
Cockpit length [m] 4.00 Nose cone length [m] 12.50
Tail cone length [m] 21.87 Tail length [m] 10.00
Primary tank length [m] 23.86 Secondary tank length [m] 5.07
Tank margin [m] 0.75 Fuselage length [m] 75.31

Figure 8.1: Fuselage cross-section

Several characteristics of the top view are worth mention-
ing. In the current layout, there are a total of 118 economy
seats, instead of the required 117. This will be beneficial
for the revenue as one extra ticket can be sold. However,
the user can also choose to use the space of this extra seat
for other purposes, such as additional galley space or an ad-
ditional lavatory. In the current layout, 102 passengers are
seated in the front cabin of which 43 are in business class,
and 99 passengers are seated in the aft cabin, of which 40
are in business class. Furthermore, the space under the
cockpit in the lower deck is now used to give space to three
business seats, and a crew rest compartment for two crew
members. Lastly, in the current layout, a margin of 10 cm
between different fuselage sections is taken. In practice,
this margin could be further reduced providing even more
space available in the fuselage as assembly accuracy is increased.

8.3. Emergency exits
The number of emergency exits follows from EASA certification specification 25.807 [18]. For 102 passengers, one type
I and two type III emergency exits are required [19]. However, WorldBus is equipped with two type A and one type
III emergency exits. The type I emergency exit features a 46 cm wider width and a 61 cm taller height compared to a
type I emergency exit [19]. This leaves a margin which allows for an increased passenger number for possible future
configuration options without design alterations. This allows for at least 139 passengers per cabin. The two type A
exits will also function as entrance doors. The type III exits are located on the upper deck, such that passengers are able to
evacuate the aircraft without needing to use the stairs. The dimensions of the emergency exits can be observed in Table 8.3.

8.4. Lavatories
Regulations do not prescribe a minimum number of lavatories. In the current layout, four lavatories, i.e. on average 1 per
25 passengers, are incorporated per cabin. The lavatory’s layout dimensions can be observed in Table 8.3 [19].

8.5. Galleys
Typically, a minimum of 0.0283m3 of galley volume per passenger is present on the aircraft [19]. On the lower deck, the
galley volume will be located under the stairs providing a galley volume of 2.61m3 which corresponds to 0.0318m3 per
passenger. On the upper deck, the galley volume will be located behind the stairs providing a galley volume of 1.995m3

which corresponds to 0.0665m3 per passenger. This extra space could also be used to store additional equipment like first
aid kits, blankets, pillows or waste disposal.

8.6. Crew rest compartment
On long-haul flights, the crewwould be scheduled for long periods of time, surpassing the duty time limitations specified by
regulations [18]. To improve the crew well-being and comply with these requirements, the WorldBus design incorporates
crew rest compartments in the aircraft to allow the crew to rest during long flights. In total, the on-duty crew will consist
of two pilots and four flight attendants, so six rest compartments are incorporated into the aircraft. The dimensions of the
compartment’s layout can be seen in Table 8.3. One crew rest compartment giving space for two crew members is located
under the cockpit.
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8.7. Stairs
The cabin designs span two decks, so staircases are needed to allow passengers to move between decks. In the staircase
design, OSHA staircase requirements were used as guidelines.24 The stairs are designed with a step depth of 26 cm, step
width of 91.44 cm, and step height of 19.27 cm. The rise of the stairs is 2.12m, so the staircases will consist of 11 steps,
resulting in a total horizontal staircase length of 2.86m.

8.8. Storage compartments
The aircraft design incorporates two storage compartments. In the cabin, four overhead storage compartments are present
in economy+ class, and two overhead storage compartments together with two side storage compartments are present in
business class. The areas of the storage compartments can be observed in the cross-section of Figure 8.1. Together they
provide a total storage volume of 23.76m3 taking into account the seating configuration from Figure D.1. Next to the
in-cabin storage compartment, the fuselage also has a storage compartment with an area of 4.95m2 underneath the cabin
from the lower deck. Its total volume is 55.79m3. Both cargo compartments combined provide sufficient space for the
passenger luggage, which is assumed to require a total volume of 28.24m3 [13].

For the design of the cross-section, the Nordisk AKH (LD3-45) standard cargo box is drawn into the compartment to
demonstrate the compartment size. This cargo box could be used to optimise the cargo loading into the aircraft, or provide
easy cargo handling at the airport.

Table 8.3: Cabin facilities dimensions.

Facility Unit Dimensions
Type A emergency exit, width × height [cm × cm] 106.7 × 182.9
Type III emergency exit, width × height [cm × cm] 50.8 × 91.4
Lavatory layout, width × length [cm × cm] 91.4 × 91.4
Galley volume lower deck [m3] 2.61
Galley volume upper deck [m3] 1.995
Crew rest compartment layout, width × length [cm × cm] 75.0 × 200.0
Stairs, step depth × step width × step height [m × m × m] 26.0 × 91.44 × 19.27
Staircase, width × length × height [m × m × m] 91.44 × 2.86 × 2.12
Overhead storage volume [m3] 23.76
Cargo compartment volume [m3] 55.79

8.9. Conclusion and recommendations
In conclusion, the layout presented in this chapter demonstrates the feasibility of incorporating all cabin amenities into
the fuselage design of WorldBus. It successfully accommodates the required 200 passengers and corresponding amenities
while providing enough comfort and complying with the CS25 regulations. A list of further recommendations can be
found below.

• In practice, the layout should be further optimised and customised to align with the specific preferences and re-
quirements of an airline. For instance, an airline may have specific needs such as additional lavatories or crew rest
compartments.

• In the existing layout, an additional economy+ class seat is included. However, the space used for this seat could
also be utilized for other purposes as well. The decision regarding its utilization should also be made based on the
preferences and requirements of the specific airline.

• The stairs are designed according to OSHA staircase requirements. However, it is important to note that stairs
in aircraft may need to meet different, potentially less stringent, requirements. In the further design phase, safety
institutions should be consulted to address this aspect.

24https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.25



9
Aerodynamics

WorldBus aims to be a sustainable aircraft capable of flying exceptionally long distances. To achieve this, the aerodynamic
efficiency preferably is very high. A lower aerodynamic efficiency increases drag and, thus, increases weight. This chapter
starts with analysing the wing loading and thrust-over weight diagram in Section 9.1, from here the wing planform could
be designed in Section 9.2. With the most important coefficients now determined, an airfoil is chosen in Section 9.3 and
with this chosen a complete wing and drag analysis could be performed in Section 9.4 and Section 9.5. After this, the
high-lift devices and control surfaces have been sized in Section 9.6 and Section 9.7. Finally, verification was performed
in Section 9.8 to ensure correctness after which a conclusion was written and recommendations were made in Section 9.9.

9.1. Wing loading and thrust-over-weight diagram
The wing and thrust loading diagram form an essential first step in determining the design parameters for the wing. In
order to create an aircraft with optimal performance, a high wing loadingW/S combined with a low thrust-over-weight
ratio T/W is desired. This is due to the fact that a high wing loading results in a smaller wing surface area and thus less
drag. A low thrust-over-weight is advantageous as it reduces the engine size and weight needed, thus reducing overall
weight and fuel consumption.

While designing the wing loading and thrust-to-weight diagram, use has been made of eight different performance require-
ments as explained in the AE1222-II ADSEE course [19]. As the preliminary design was included in the midterm report,
estimated values for CLmax

could be updated [13]. This leaves only the stall speed to be estimated in order to determine
the wing loading for stall during clean and landing configuration. The former will be a limiting factor in this wing loading
diagram as can be seen in Figure 9.1. The intersection of this line with the minimum performance requirement for take-off
yields the initial design point for this wing. This point has a value of 5941N/m2 for the wing loading and a value of
0.27 for the thrust-over-weight ratio.

9.2. Wing planform design
Once the wing loading is established from the wing loading and thrust-to-weight diagram, the surface area can be calculated
with the maximum take-off weight. The wing aspect ratio is set to 14 as mentioned in the midterm report, which is
important for aerodynamic efficiency [13]. In addition, a taper ratio (λ) of 0.3 is chosen based on reference aircraft and
to approximate an optimal elliptical lift distribution. Then, the wing planform parameters can be established which are
shown in Table 9.1. Equation 9.1 until Equation 9.7 are used for the establishment of some of these values [19].25

b =
√
SA (9.1) cos(Λ0.25c) = 0.75

M∗

Mdd
(9.2) cr =

2S

(1 + λ)b
(9.3)

ct = λtcr (9.4) MAC =
2

3
cr
1 + λ+ λ2

1 + λ
(9.5)

ΛLE = tan−1

[
tan(Λ0.25c) +

4

AR

(
0.25

1− λ

1 + λ

)]
(9.6) Γ = 3− Λ0.25c

10
− 2 (9.7)

In Equation 9.1 until Equation 9.7, b is the span of the wing, S is the surface area of the wing, and A is the aspect ratio.
Equation 9.2 is used to make a first estimate of the sweep angle, where Λ0.25c is the quarter chord sweep angle,M∗ is the
technology factor for supercritical airfoils which equals 0.935, andMdd is the drag-divergenceMach number which equals

25https://www.fzt.haw-hamburg.de/pers/Scholz/HOOU/AircraftDesign_7_WingDesign.pdf
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Figure 9.1: Wing loading and thrust-over-weight diagram.

Mdd = Mcruise + 0.03. Lastly, cr and ct are the root chord and tip chord respectively, MAC is the mean aerodynamic
chord, and Γ is the dihedral angle.

Table 9.1: Wing planform parameters

Parameter Unit Value Parameter Unit Value
Wing surface area [m2] 369.4 Tip chord [m] 2.4
Aspect ratio - 14 Mean aerodynamic chord [m] 5.6
Span [m] 71.9 Quarter chord sweep [deg] 38.8
Taper ratio - 0.3 Leading edge sweep [deg] 40.1
Root chord [m] 7.9 Dihedral [deg] -2.1

9.3. Airfoil selection
Now that the wing is designed and the to-be-achieved coefficients are clear, a matching airfoil must be chosen. In the
midterm report, a short trade-off has been made between 4 airfoils [13]. The SC(2)-0714 excelled in all criteria. As this
airfoil is one of multiple phase 2 supercritical airfoils designed by NASA, a number of these are analysed to determine if
the SC(2)-0714 is the most appropriate airfoil from this set. The analysed airfoils are shown in Table 9.2 together with the
coefficients on which they have been evaluated.

In order to select one of these airfoils, more coefficients and values should be calculated. Using a technique explained in
ADSEE, the design lift coefficient, CLdes

, for the wing is determined with Equation 9.8 [20].

CLdes
=

1.1

q

{
1

2

[(
W

S

)
startofcruise

+

(
W

S

)
endofcruise

]}
(9.8)

In Equation 9.8, q takes the dynamic pressure into account. Now, in order to choose an airfoil, the three-dimensional lift
coefficient must be translated into a two-dimensional lift coefficient. This is done using Equation 9.9. This equation uses
the estimated value of 40◦ for the wing sweep. However, during the design process, this value will most likely change
and, thus, the design lift coefficient will be updated.

It should be noted that the lift coefficient calculated in Equation 9.9 is for a high Mach number. As analysing airfoils using
XFLR5 (version 6.59) is done at low Mach numbers, compressibility effects should be taken into account.26 This is done
using the Prandtl-Glauert correction as shown in Equation 9.10.

26https://sourceforge.net/projects/xflr5/files/6.59/
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Cldes =
CLdes

cos2Λ
(9.9) Cldes,M=0

= Cldes

√
1−M2

cr (9.10)

As can be seen in Equation 9.10, the critical Mach number must be known to determine the Cldes at which the airfoil will
be analysed. Determining the critical Mach number, orMcr, is done by looking at pressure coefficients. More specifically,
the minimum pressure coefficient of an airfoil (Cp,min) and the critical pressure coefficient (Cpcr

). The value for M at
which these pressure lines intersect is known as the critical Mach number.27 Finally, the Reynolds number (adjusted for
the leading edge sweep) is to be established using Equation 9.13.
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Cp,0√
1−M2

(9.11)
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γM2
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2

) ] γ
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− 1

 (9.12)

Re =
ρ cos(ΛLE)VcruiseMAC

q
(9.13)

It should further be noted that in Equation 9.11, for Cp,0, the lowest absolute value of the pressure is used. For the
calculation of the critical pressure coefficient γ is used, which represents the ratio between the specific heats of air at
constant pressure versus constant volume.

During analysis of the parameters in Table 9.2 and the graphs in Figure 9.3, it is observed that three airfoils demonstrate
unwanted stall behaviour, meaning they have a sharp drop in Cl during stall. Therefore, these are no longer considered.
Another important factor is the Cd at Cldes where it can be seen that the SC(2)-0712 has a lower Cd, lower Cldes and a
higher Mcr compared to the SC(2)-0714 and SC(2)-0614. This means that the SC(2)-0712 is the most efficient airfoil
for this use case and is therefore selected to be used in the WorldBus design. In Figure 9.2 the airfoil is shown with its
parameters displayed in Table 9.3, gathered from XFLR5 at the cruise Reynolds number of 3.1× 107.

Table 9.2: Airfoil characteristics

Airfoil t/c αdes Cldes Cd at Cldes Clmax
Cm at Cldes Unwanted stall behaviour Mcr

SC(2)-0610 10 -1.02 0.313 0.006 2.43 -0.105 yes 0.754
SC(2)-0612 12 -1.14 0.323 0.006 2.49 -0.111 yes 0.735
SC(2)-0614 14 -1.29 0.329 0.007 2.54 -0.116 no 0.724
SC(2)-0710 10 -1.84 0.318 0.006 2.45 -0.123 yes 0.744
SC(2)-0712 12 -1.94 0.323 0.006 2.51 -0.126 no 0.734
SC(2)-0714 14 -2.15 0.328 0.007 2.58 -0.137 no 0.725

Figure 9.2: Nasa SC (2)-0712 airfoil

Table 9.3: Parameters for NASA SC (2)-0712 airfoil at RE=3.1× 107.

Parameter Unit Value
Clmax - 2.5
αstall [deg] 22
α0 [deg] -4.61
t/c - 0.12
Camber - 2.2%

27http://www.akiti.ca/Mcrit.html
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(a) Cl[−] vs. Cd[−] plot (b) Cl[−] vs. angle of attack[◦]plot

(c) Cm[−] vs. angle of attack [◦] plot (d) Cl/Cd[−] vs. angle of attack [◦] plot

Figure 9.3: Airfoil characteristics plots for a Reynolds number of 3.1 ∗ 107. SC(2)-0610 (Cyan), SC(2)-0612 (Red), SC(2)-0614 (Blue), SC(2)-0710
(Green), SC(2)-0712 (turquoise) SC(2)-0714 (Purple)

9.4. Wing analysis
Once the airfoil has been selected, the wing can be further analysed. In Section 9.2 the sweep of the airfoil was estimated
with Equation 9.2. However, now the critical Mach number of the airfoil is known to be 0.734 and the critical Mach
number of the wing, which is assumed to be the same as the cruise Mach, is 0.87, the sweep angle of the leading edge is
reevaluated and is calculated using Equation 9.14. The new sweep angle was found to be 32.7 °. From here, the quarter
chord sweep is calculated using Equation 9.15, resulting in a value of 31.1 °.

λLE = arccos
(
Mcr,airfoil

Mcr,wing

)
(9.14) Λ0.25c = tan−1

[
tan(ΛLE)−

4

AR

(
0.25

1− λ

1 + λ

)]
(9.15)

The lift curve slope (CLα ) is analysed at cruise conditions, at a Mach of 0.87, and at sea level conditions, at a Mach of
0.2 (landing speed). Since Equation 9.17 can only be used for a Mach smaller than 0.8, Equation 9.16 is used for cruise
condition [21].
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β =
√
1−M2 (9.18) κ =

Clα

2π
(9.19)

Where β is the Prandtl-Glauert compressibility factor and κ is the airfoil efficiency factor calculated with Equation 9.18
and Equation 9.19 respectively. The cruise Mach number and the lift curve slope of the airfoil (Clα ) are used for this
calculation. This resulted in a value for CLα

of 5.45 rad−1, for cruise conditions, and 5.05 rad−1, for sea level conditions.

Finally, multiple stall angles of the wing should be computed. In order to do so, the maximum lift coefficient at cruise and
sea level flight should be determined. This is done using the DATCOM method with Equation 9.20 and Equation 9.21
[12].
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CLmax =

[
CLmax

Clmax

]
Clmax +∆CLmax (9.20) αs =

CLmax

CLα

+ αL=0 +∆αs (9.21)

The values for CLmax

Clmax
and∆CLmax

, which accounts for the compressibility effects on CLmax
, were found to be 0.79 and

−0.31 respectively in Raymer [12]. This leads to a value of CLmax of 1.96, at sea level, and 1.67, in cruise. Continuing
with the stall angle of attack, a value of 3.2 is found for ∆αs, accounting for the compressibility effects on αs, using
Raymer [12]. The zero-lift angle of attack is deduced from analysis in XFLR5 (version 6.59), yielding −4.61 °.28 The
remaining variables have been calculated in Equation 9.16, for cruise, Equation 9.17, for landing, and Equation 9.20 for
both situations. Now, starting with the stall angle of attack during cruise, a value of 16.1 ° is obtained. For sea level, at a
flight speed of 0.2 Mach, a value of 20.8 ° is calculated.

9.5. Drag analysis
Performing an analysis regarding the drag consists of two main components as shown in Equation 9.22. Namely, zero-lift
drag which is described in Subsection 9.5.1 and lift-induced drag which is described in Subsection 9.5.2. The zero-lift
drag will be established for different components of the aircraft and the lift-induced drag will take the contribution due to
generated lift into account.

CD = CD0
+

CL
2

πAe
(9.22)

9.5.1. Zero-lift drag
To calculate the zero-lift drag contribution the component build-up method from Raymer is used [12]. The general formula
used is Equation 9.23, the different components will be discussed throughout this section.

CD0 =
1

Sref

∑
c

CfcFFcIFcSwetc + CDmisc (9.23)

Parasite drag
The first coefficient to be determined is the flat plate skin friction coefficient (Cfc ). This coefficient is contributed to by
laminar as well as turbulent flow over the wing calculated with Equation 9.24 and Equation 9.25 respectively. To calculate
the total value of the flat plate skin friction coefficient, the weighted average of both flows is taken over each component.
An example is given for the wing during cruise flight Equation 9.26.

Cflam,c
=

1.328√
Re

(9.24) Cftur,c
=

0.455

(log10Re)2.58(1 + 0.144M2)0.65
(9.25)

Cfwing
= 0.5Cflam

+ 0.5Cftur
(9.26)

The component that form factor (FFc) is calculated for the fuselage, wing, horizontal tail, vertical tail, struts, pylons and
nacelles. Formulas from Raymer have been used to establish these values [12]. Furthermore, the component interference
factor (IFc) takes into account the increase in drag, due to interference between components and is specifically important
for the struts, pylons, and nacelles. Lastly, Swetc is the wetted area of the component analysed.

Miscellaneous Drag
Miscellaneous drag, CDmisc

is caused by 5 main components. Fuselage upsweep, landing gear, flaps, excrescence &
leakage and wave drag. All have been evaluated using Raymer’s theory [12].

Conclusion
The zero-lift drag values generated per component are shown in Table 9.4, where it can be seen that the fuselage, the wing
and the overall miscellaneous drag have the largest contribution. It is important to notice the drag the struts add, as this is
only 3.9 percent of the total CD0 of 0.0128.

28https://sourceforge.net/projects/xflr5/files/6.59/
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Table 9.4: Final zero lift drag values per component

Component Fuselage Wing Horizontal
tail

Vertical
tail Struts Pylons Nacelle Miscell-

aneous Total

CD0
0.00421 0.00368 0.00049 0.00053 0.00049 0.00009 0.00131 0.00197 0.01276

Percentage of
total CD0

32.96 28.83 3.87 4.12 3.87 0.68 10.25 15.42 100.00

9.5.2. Lift induced drag
In addition to zero-lift drag, lift-induced drag is also a component of the total drag coefficient. To calculate the lift-induced
drag Equation 9.27 is used [12], where the Oswald efficiency factor (e) is calculated with Equation 9.28 [20]. This resulted
in a lift-induced drag of 0.0044.

CDlift
=

C2
L

πAe
(9.27) e = 1.78 ∗ (1− 0.045 ∗AR0.68)− 0.46 (9.28)

9.6. High lift devices
In order to determine the necessary high lift devices (HLD) that are to be used on the wing, the maximum lift increase
from clean configuration should be determined. As explained in Section 9.4, the maximum lift coefficient during clean
configuration, at sea level, is 1.97. Furthermore, during the drafting of the wing and thrust loading diagram, a maximum
value for the lift coefficient has been determined, which equals 2.8 during landing configuration. From these two values,
it can be deduced that the to-be-chosen high-lift devices should provide an increase in CLmax

of 0.83. To ensure no stall
happens during landing, a safety margin of 0.1 is added resulting in a final lift coefficient increase of 0.93.

As a way to achieve this ∆CLmax
, use will be made of a combination of leading edge and trailing edge HLDs. Fowler

flaps will be used for the trailing edge and the leading edge will make use of slats. Fowler flaps are mainly used to increase
the maximum lift coefficient and slats mainly contribute towards a higher stall angle. Both are favourable during landing
and take-off.

Sizing the HLDs is the next step. Using Equation 9.29, the necessary spanwise portion of these HLDs in relation to the
total wing is determined. For this, the increase in the lift coefficient, ∆Clmax, should also be determined. Using the
equation for Fowler flaps, a value of 1.573 is determined [20].

Swf

S
=

∆CLmax

0.9∆Clmax cos(Λhingeline)
(9.29)

Now, the reference flapped and slatted surface can be determined using Equation 9.29 and their location along the wing
can be established. The slats will start at one meter from the fuselage and continue for 16.9m, and the flaps will start at
five centimetres from the fuselage and continue for 23m.

9.6.1. Lift curve
The use of high-lift devices increases the slope of the lift curve and shifts it to the left. To calculate the lift curve slope with
the high lift devices deployed, Equation 9.30 is used. S′ is the wing surface area when the high-lift devices are deployed
and CLalphaclean

is calculated in Section 9.4. To calculate the shift in the zero lift angle of attack, Equation 9.31 is used.
Here,∆αL=0airfoil

is assumed to be −15 ° for landing and −10 ° for take-off [20].

CLαflapped
=

S′

S
∗ CLαclean

(9.30) ∆αL=0 = ∆αL=0airfoil

SWF

S
cos(Λhingeline) (9.31)

The lift curve slopes for clean and flapped (extended flaps and slats) configurations are shown in Figure 9.4. Where the
stall angles are calculated with Equation 9.21, at the correspondingCLmax

andCLα
values for the different configurations.

With the equations mentioned before, the linear part of the lift curve slope is established, whereas for the curved part the
same behaviour as the airfoil is used.
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Figure 9.4: Lift curve graph for clean and flapped configurations

9.6.2. Miscellaneous drag due to high-lift devices
Now that the area for both the slats and the flaps has been determined, the additional drag of these devices when extended
can be calculated. As different deflection angles are used for take-off and landing, multiple values are determined using
Equation 9.32 in Table 9.5. The same equation is used to determine the miscellaneous drag for the slats.

∆CDflap
= Fflap

(cf
c

)(Sflap

Sref

)
(δflap − 10) (9.32)

In Equation 9.32, Fflaps is a coefficient taking into account various flap geometry factors.
cf
c shows the ratio of the chord

length with flaps extended versus without extended flaps, Sflap

Sref
shows the ratio of the reference wing flapped area to the

total wing area and lastly, δflap is the angle that the flaps are deflected at.

Table 9.5: Drag increment due to high lift devices

∆CD,0flaps,landing
0.0437

∆CD,0flaps,take−off
0.0073

∆CD,0slats,landing
0.0051

∆CD,0slats,take−off
0.0026

9.7. Control surfaces
When designing an aircraft, it is important to size various aspects in order to achieve optimal aerodynamic performance. It
is, however, also of great importance to incorporate control surfaces in this design to allow a pilot to manoeuvre the plane
when necessary. The control surfaces enabling these manoeuvres are discussed in this section.

9.7.1. Aileron sizing
Ailerons are used to create a roll moment during flight. As stated in the CS-25 regulations [18], an aircraft, during a steady
30 ° banked turn, should be able to reverse the turn direction by rolling 60 ° in the opposite direction. This movement must
not take more than 7 seconds. Analysing this requirement gives a minimum roll rate P of 8.57 °s−1. This value will be
kept in mind as a minimum when completing Equation 9.33.

P = −
Clδa

Clp

δa

(
2V

b

)
(9.33)

The speed and wingspan are known and the deflection angle can be chosen, which leaves the aileron control derivative
Clδa

(see Equation 9.34) and the roll damping coefficient Clp (see Equation 9.35) to be determined.

Clδa
=

dCl

dδa
=

2clατ

Sref b

∫ b2

b1

c(y)ydy (9.34) Clp = −4(clα + cd0)

Sref b2

∫ b/2

0

y2c(y)dy (9.35)



9.8. Verification 42

These equations have been filled in using a maximum aileron deflection angle δa of 20 °, based on reference aircraft. Next
to this, clα takes the airfoil lift curve slope into account, τ is the aileron effectiveness, y is the spanwise location and
c(y) relates to the chord of the wing at a specific spanwise location. It is decided that the aileron starts at a wing span of
b1 = 29m and ends at b2 = 35m. Filling in these values yields a roll rate of 20.72 °s−1. This is higher than the minimum
roll rate determined at the beginning of Subsection 9.7.1, thus, confirming this as an effective aileron design.

9.7.2. Elevator Sizing
Elevators are used to create a pitching moment during flight. They are located at the horizontal tail. To size the elevators,
two values are of importance, namely CE

Ch
and bE

bh
, which are the elevator chord-to-tail chord ratio and the elevator span-

to-tail span ratio. The latter typically has a value between 0.8 − 1 and is chosen to be 1 for simplicity of the design and
manufacturing and a value of 0.24 was found for the chord ratio with the method from M. H. Sadreay [22]. This resulted
in an elevator area of 4.34m2. In addition to these two values, the maximum deflection angle of the elevator is also of
importance and is chosen to be −25 ° for upward deflection and 20 ° for downward deflection.

9.7.3. Rudder
As seen in CS-25 regulations [23], the aircraft should be able to land whilst enduring 90 ° crosswinds with a maximum
speed of 10.28m/s. Using the method from M. H. Sadreay, a rudder area of 9.94m2 has been found [22].

9.8. Verification
During the aerodynamic design of the aircraft, much thought has been given to its efficiency and feasibility. Along the
way, verification procedures have been performed, which will be discussed in detail throughout this section.

The aerodynamic analysis makes extensive use of numerical modelling, therefore, verification has continually been per-
formed to ensure its correctness. Static verification was performed, ensuring the correct use of equations. Sensitivity
analysis has been performed, ensuring small changes in input variables do not result in unexpected large fluctuations of
output variables. Lastly, extensive verification is done by modelling the aircraft in XFLR5 (version 6.59).29. This provided
the team with multiple aerodynamic characteristics to be compared with the numerical model and are shown in Table 9.6.

Table 9.6: Comparison of Aerodynamic characteristics calculated values and from XFLR5 (version 6.59)

Parameter Computed value XFLR5 Value ∆
Cldesign 0.36 0.36 0.00%
αtrim -0.523 -0.454 -13.19%
e 0.66 0.96 45.90%
CDinduced

0.0044 0.0030 -32.05%
CD 0.0172 0.0163 -1.01%

As can be seen in Table 9.6, the difference in drag coefficient is below 10%, confirming the accuracy of the numerical
model. However, when looking at the induced drag, a difference of 32% is visible, which can be explained by the difference
in the Oswald efficiency factor. It seems that XFLR5 (version 6.59) overestimates this factor. These values were found
using the vortex lattice method (VLM), however when using the lifting line theory (LLT) in XFLR5 (version 6.59) value
for CDinduced

of 0.0043 was found which is very close to the computed value so it was found that the VLM method
underestimates CDinduced

. 30 Lastly, the trim angle differs by 13%, an acceptable difference.

9.9. Conclusion and recommendations
In this chapter, the final wing design has been made and analysed to ensure its efficiency. First, the minimum performance
requirement had been determined yielding the wing loading for which the aircraft should be designed. Next, the wing plan-
form was designed providing important coefficients to be achieved by the wing. With these coefficients, a matching airfoil
(SC(2)-0712) was found. This airfoil was chosen based on sublime aerodynamic performance when evaluating its drag,
design lift coefficient and critical Mach number. Having chosen the airfoil, a more detailed analysis of the aerodynamic
properties of the wing was performed ensuring a viable and efficient design. For example, the sweep angle was determined
based on delaying drag divergence over the wing, thus improving its aerodynamic characteristics. The drag was analysed
for different components of the aircraft and it was found that the truss only has a 3.9% contribution to the total zero-lift
drag. Finally, in order to accommodate for take-off, landing and manoeuvrability, sizing was performed for HLDs and
control surfaces.

29https://sourceforge.net/projects/xflr5/files/6.59/
30https://www.dlr.de/as/en/Desktopdefault.aspx/tabid-188/379_read-625/

https://sourceforge.net/projects/xflr5/files/6.59/
https://www.dlr.de/as/en/Desktopdefault.aspx/tabid-188/379_read-625/
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Further research into the WorldBus is encouraged, with recommended focus points for aerodynamics listed below:

• Investigate the use of a combination of airfoils over the wingspan in order to improve aerodynamic properties.
• Perform an analysis evaluating the effect of winglets on wing drag.
• Perform an analysis evaluating the use of wing twist to ensure root stall happens before tip stall.
• Investigate in further detail the aerodynamic drag produced by the landing gear pods, the wing protrusion and the
unique tail cone.

• Perform a detailed analysis regarding the lift and drag produced by the truss, and how to optimise this.
• Perform an analysis on the model using computational fluid dynamics (CFD) software.
• Perform wind tunnel tests.
• Further investigate the Oswald efficiency factor to ensure a correct value is used during calculations.
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Propulsion

For the propulsion system, a hydrogen-powered turbofan will be used. To lower the complexity of engine development,
a kerosene engine will be converted into a hydrogen engine rather than developing one from scratch. The process of
selecting and designing the engines will be outlined in this chapter. For the hydrogen storage, liquid hydrogen will be
stored in a tank inside the fuselage. The design of this fuel tank is further outlined in Chapter 13.

10.1. Engine conversion
In the midterm report, it had been decided to use an existing kerosene-powered turbofan that will be modified to run on the
boil-off of the liquid hydrogen. For this, a short list of turbofans was made and some general parameters were researched
as shown in Table 10.1.

Table 10.1: Engine option overview.

Engine type Take-off thrust
(kerosene / H2) [kN]

Mass [kg] Length [m] Fan
diameter [m]

Rolls Royce Trent 1000R 360.4 / 378.4 6114 4.738 2.85
Rolls Royce Trent XWB 431.0 / 452.6 7550 5.812 3.00
General Electric 90-115B 513.9 / 539.6 8762 7.281 4.2
Engine Alliance GP 7000 363.0 / 381.2 6712 4.92 3.16

While currently no hydrogen turbofans exist, more and more research is being done on the topic. Last year, Airbus
announced that they are aiming to test a GE passport to run solely on liquid hydrogen by 2027 and have a fully hydrogen-
powered aircraft by 2035.31 But this begs the question on how a kerosene turbofan can be converted to hydrogen and what
effect this will have on the performance of the engine.

Modifications
In theory, the only modifications that are required to use hydrogen as a fuel source are a new fuel injector and a system
to take care of the liquid hydrogen boil-off in the tank. However, a number of properties differ between hydrogen and
kerosene that encourage the modifications of other engine components. For instance, compared to kerosene, hydrogen
requires lower ignition energy, is more diffusive and has wider flammability limits. This can be seen in the combustion
chamber outlet temperature. In a study from 2021, the researchers found that after converting a TF33 turbofan from
kerosene to hydrogen, the combustion outlet temperature was approximately 1.4% lower for hydrogen than for kerosene
[24]. Because of this lower temperature, there is more design freedom in the material selection for the combustion chamber
and it is recommended to take advantage of these properties.

Other differences resulting from converting a turbofan to hydrogen is that the mass flow rate of the fuel decreases by
approximately 60% [24]. Then, it was observed that the air-fuel ratio for hydrogen was higher than that of kerosene,
meaning that more effective cooling is possible with the bypass air.

These results are backed up by other analyses too. For example, in a study from 2021, researchers used Matlab to analyse
the performance of a hydrogen General Electric GE90 turbofan and found similar results for the mass flow and thermal
efficiency [25]. The thrust of the engines increased by 16.27% and the total emission of nitrogen oxide was reduced by
68.25% during cruise at an altitude of 10 668m and a Mach number of 0.83. However, the researchers found that by
optimising the engine in terms of bypass ratio and fan pressure ratio, the nitrous oxides emissions could be reduced by
another 3.94% per 1 kg of burnt fuel.

31https://www.airbus.com/en/newsroom/stories/2022-02-the-zeroe-demonstrator-has-arrived
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Concluding, it is very likely that it is possible to convert a kerosene turbofan to run on hydrogen without drastic modifi-
cations to the engine. Moreover, a conservative 5% increase in thrust is predicted in the amount of thrust generated by
the engine for all engines listed in Table 10.1. In the column for take-off thrust, the thrust value is given both for the
kerosene-powered engine and the hydrogen-powered variant.

10.2. Engine selection
In Chapter 7, the MTOW was stated to be equal to 223 780 kg, and the T/W is equal to 0.27. As a result, a total thrust
of 592.5 kN is required. This means that in a two-engine configuration, every engine from Table 10.1 should be suitable
for WorldBus. It is preferable to have the smallest, lightest, most reliable and most efficient engine that can still provide
the required thrust. However, finding quantitative data on fuel consumption has been proven difficult. Manufacturers
like Rolls Royce and General Electric do not list thrust-specific fuel consumptions while other sources only provide es-
timations.32,33 For a proper analysis, this is not ideal as one engine might be heavier, but its improved efficiency could
outweigh the extra mass of the engine itself and reduce the overall weight of the aircraft. But as this information is not
available, it has to be assumed that all engines have similar efficiency, an assumption that does not seem unreasonable.34
Then, in regards to reliability, all engines perform quite similarly as well, with all of the options boasting more than 99.9%
dispatch reliability.35,36,37,38

Now that it is assumed that all engines have similar efficiencies and have similar reliability figures, a clear winner can
already be seen from the possible engines in Table 10.1 without performing a formal trade-off. The Rolls Royce Trent
1000R is the lightest and smallest engine out of all the four options. While it has the lowest thrust, two Rolls Royce Trent
1000R still provide enough thrust for theMTOWof 223 780 kg , with room to spare. A summary of the engine parameters
for the Rolls Royce Trent 1000R is given in Table 10.2.39 The thrust has been increased by 5% to reflect the predicted
thrust gain as a result of modifying the engine to run on hydrogen.

Table 10.2: Summary of engine parameters for Rolls Royce Trent 1000R running on liquid hydrogen.

Mass 6114 kg
Nacelle length 6.17m
Maximum radius 1.9m
Fan diameter 2.85m
Take-off thrust 378.4 kN
Continuous thrust 339.5 kN
Bypass ratio >10
Dispatch reliability 99.9%

10.3. Engine location
The next step in completing the engine configuration is placing the engines. In the midterm report [13], it was already
established that the engines would be placed on the wing, instead of podded to the fuselage. However, now the exact
location needs to be determined. A number of factors need to be taken into account. For instance, the location of the truss
will limit the available space to place the engine as the truss cannot be in the wake of the engine. Then, to maximise the
bending relief from having the engine mounted on the wing, it is preferable to have the engine placed further outward.
However, this influences the required size for the vertical tail as the aircraft still needs to be controllable if one engine is
inoperative. In other words, the placement of the engine influences the structure of the wing and the size of the vertical
tail. For a preliminary design, Equation 10.1 from ADSEE I is commonly used [19]. This is a simple statistical relation
between the engine location and the span derived from other two-engined aircraft.

32https://www.geaerospace.com/propulsion/commercial/ge90
33https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#/
34https://simpleflying.com/the-worlds-most-powerful-aircraft-engines/
35https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#/
36https://www.rolls-royce.com/media/our-stories/discover/2019/the-trent-xwb-let-me-count-the-ways.aspx
37https://blog.geaerospace.com/product/the-ge90-engine-a-technological-pioneer-surpasses-100-million-hours/#:~:

text=It%20also%20has%20a%20world%20class%20dispatch%20reliability%20rate%20of%2099.97%20percent.
38https : / / www . prnewswire . com / news - releases / engine - alliance - completes - 100th - gp7200 - engine - specific - fuel -

consumption-improvement-noted-98508904.html
39https : / / www . google . com / url ? sa = t&rct = j&q = &esrc = s&source = web&cd = &ved = 2ahUKEwiEpcXE77D _

AhU7hP0HHXvKCDkQFnoECBEQAQ&url = https % 3A % 2F % 2Fwww . easa . europa . eu % 2Fen % 2Fdownloads % 2F7733 % 2Fen&usg = AOvVaw3 _
04OEP09iXV4EMBJMFZyO

https://www.geaerospace.com/propulsion/commercial/ge90
https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#/
https://simpleflying.com/the-worlds-most-powerful-aircraft-engines/
https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#/
https://www.rolls-royce.com/media/our-stories/discover/2019/the-trent-xwb-let-me-count-the-ways.aspx
https://blog.geaerospace.com/product/the-ge90-engine-a-technological-pioneer-surpasses-100-million-hours/#:~:text=It%20also%20has%20a%20world%20class%20dispatch%20reliability%20rate%20of%2099.97%20percent.
https://blog.geaerospace.com/product/the-ge90-engine-a-technological-pioneer-surpasses-100-million-hours/#:~:text=It%20also%20has%20a%20world%20class%20dispatch%20reliability%20rate%20of%2099.97%20percent.
https://www.prnewswire.com/news-releases/engine-alliance-completes-100th-gp7200-engine-specific-fuel-consumption-improvement-noted-98508904.html
https://www.prnewswire.com/news-releases/engine-alliance-completes-100th-gp7200-engine-specific-fuel-consumption-improvement-noted-98508904.html
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiEpcXE77D_AhU7hP0HHXvKCDkQFnoECBEQAQ&url=https%3A%2F%2Fwww.easa.europa.eu%2Fen%2Fdownloads%2F7733%2Fen&usg=AOvVaw3_04OEP09iXV4EMBJMFZyO
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiEpcXE77D_AhU7hP0HHXvKCDkQFnoECBEQAQ&url=https%3A%2F%2Fwww.easa.europa.eu%2Fen%2Fdownloads%2F7733%2Fen&usg=AOvVaw3_04OEP09iXV4EMBJMFZyO
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiEpcXE77D_AhU7hP0HHXvKCDkQFnoECBEQAQ&url=https%3A%2F%2Fwww.easa.europa.eu%2Fen%2Fdownloads%2F7733%2Fen&usg=AOvVaw3_04OEP09iXV4EMBJMFZyO
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ye = 0.35
b

2
(10.1)

where ye is the distance between the aircraft’s centre line and the engine’s centre line and b is the wing span. This formula
was used in early design phases. However, after the supporting truss for the wing was designed, it became apparent that at
this location the exhaust from the engine would intersect the truss at this location. Therefore, it was decided that the engine
had to be moved more inboard, as moving the truss would adversely affect its effectiveness. Moving the engine means that
the yaw created in an one-engine-out scenario is reduced, allowing for a smaller rudder. However, it also means that the
relief that is caused lowered, but the moment on the wing from the thrust is reduced. Overall moving the engine inward
by 40 per cent was not seen as a major compromise. It will increase the noise inside the cabin, But since the hydrogen
tank is located in the middle of the aircraft, it means that this effect should be significantly reduced.

For the vertical and longitudinal positioning, a parametric program was developed. The design of this program and the
engine pylon is discussed inmore detail in Subsection 13.3.3 This program designs a truss structure as shown in Figure 10.1.

Figure 10.1: Positioning of engine with respect to the centroid of the quarter chord

To determine the boundary conditions for the engine placement, similar aircraft like the AntonovAn-158, C17Globemaster
III, and Kawasaki C-2 were analysed.40,41,42. These aircraft were selected because of their similar size and high-wing
configuration. From this analysis, it was decided that the engine should be below the wing. This will allow for easier
installation and maintenance checks. The back of the engine should also be in front of the quarter chord. This is done to
ensure safety in case the engine breaks loose. In such a scenario, the forward position will ensure that the engine can fly
forward and over the wing. In addition the forward position allows the weight of the engine to create a negative moment
around the y-axis. This moment helps alleviate the positive moment created by the wing sweep.

40https://en.wikipedia.org/wiki/Antonov_An-148
41https://www.af.mil/About-Us/Fact-Sheets/Display/Article/1529726/c-17-globemaster-iii/
42https://en.wikipedia.org/wiki/Kawasaki_C-2

https://en.wikipedia.org/wiki/Antonov_An-148
https://www.af.mil/About-Us/Fact-Sheets/Display/Article/1529726/c-17-globemaster-iii/
https://en.wikipedia.org/wiki/Kawasaki_C-2
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Stability and control

Stability and controllability (S&C) is another important aspect of aircraft design and in this chapter, the stability and
controllability characteristics will be discussed. The first parameter that must be considered in this S&C analysis is the
placement of the wing, which will be discussed in Section 11.1. Secondly, the empennage must be designed in an appro-
priate manner as described in Section 11.2, Section 11.3 and Section 11.4. Lastly, the undercarriage must be designed to
satisfy ground stability. This is discussed in Section 11.5

11.1. Wing placement
To analyze the stability and controllability of the aircraft and design the empennage accordingly, it is first important to
determine the location of the leading edge of thewingxLEMAC . This is done by identifying themass and the location of the
centre of gravity of several individual aircraft components, including the wing, fuselage, engines, fuel tanks, empennage
and fixed equipment. The wing and engines will be categorized in the wing group with mass MW and c.g. location
(xc̄ )WCG and the rest will be categorized in the fuselage group with mass MF and c.g. location XFCG. To find the
individual c.g. locations, empirical relations were used. The c.g. locations of the tank followed from the tank placement.
Furthermore, the location of the centre of gravity for the operating empty weight ((xc̄ )OEWCG) was assumed to be at 0.35c̄.
Using Equation 11.1, an xLEMAC of 30m was found. This value will be used for the design of the horizontal tail and
empennage. [19]

xLEMAC = XFCG + c̄

[(x
c̄

)
WCG

MW

MF
−
(x
c̄

)
OEWCG

(
1 +

MW

MF

)]
(11.1)

11.2. Empennage configuration trade-off
In this section, different empennage configurations will be researched so that a trade-off can be performed. The selected
empennage will provide the foundation for further sizing of the stabiliser surfaces to satisfy the S&C requirements. When
looking into the configurations, it is important to note that the WorldBus makes use of a high-wing configuration with the
engines mounted on the wings. This influences the feasibility of certain configurations as it is quite undesirable to have
the horizontal stabiliser located in the wake of the engine and of the wing. This will likely happen when the horizontal
stabiliser is located at approximately the same height as the main wing.43 Furthermore, it is crucial that the aircraft does
not suffer from deep stall characteristics. In Figure 11.1, different configurations are shown. In Table 11.1 a trade-off
between the configurations is performed based on three criteria: mass, cost and aerodynamic performance. The columns
indicate the different criteria. The rows indicate the empennage configuration. A score is given from - - (lowest), to + +
(highest) with a matching colour. A numerical value shows the total score of the different options. One option is chosen
as the baseline and hence scores ± in all criteria. Since the tail plays such a critical role in the stability of the aircraft,
performance was awarded the highest weight. Ultimately, the T-tail configuration proved to be the most suitable design
and was therefore selected as the empennage type for WorldBus.

43https://simpleflying.com/t-tail-aircraft/
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(a) Conventional tail (b) T-tail (c) Cruciform tail (d) Triple tail (e) H-tail

(f) V-tail (g) Inverted V-tail (h) Boom-mounted tail (i) Twin tail (j) Inverted Y-tail

Figure 11.1: Illustrations of tail configurations

Table 11.1: Empennage configuration trade-off for high-wing configuration aircraft.

Empennage configuration Mass Cost Aerodynamic
Performance

Total score

Criterion Weight 2 3 5 10
Conventional tail – Reference (±) (±) (±) (±) 0
T-tail (-) Stronger tail

required due to
location of
horizontal
stabiliser.

(-) Increased
manufacturing
complexity due
to increased
loading.

(++) Located
outside wake of
engines and wing
and better deep
stall
characteristics.44

(++) 5

Triple tail (- -) Additional
structural
elements needed
to support three
tail surfaces.45

(- -) Added
complexity to
control three
separate tails.

(+) Decreased
roll moment and
an improved
efficiency of
horizontal tail.46

(- -) -5

H-tail (-) Additional
structural
elements
required for two
tail surfaces.

(- -) Increased
control
complexity.

(+) Decreased
roll moment and
an improved
efficiency of
horizontal tail.47

(-) -3

Cruciform tail (-) Stronger tail
required due to
location of
horizontal
stabiliser.

(-) Added
complexity
increases the
costs.

(+) Comparable
with T-tail with
better deep stall
characteristics
but reduced
effective aspect
ratio.48

(±) 0

44https://simpleflying.com/t-tail-advantages-disadvantages/
45https://infogalactic.com/info/Lockheed_Constellation
46https://www.kitplanes.com/h-tails-and-triple-tails/
47https://www.kitplanes.com/h-tails-and-triple-tails/
48https://eng.libretexts.org/Bookshelves/Aerospace_Engineering/Fundamentals_of_Aerospace_Engineering_(Arnedo)

/02%3A_Generalities/2.02%3A_Parts_of_the_aircraft/2.2.03%3A_Empennage

https://simpleflying.com/t-tail-advantages-disadvantages/
https://infogalactic.com/info/Lockheed_Constellation
https://www.kitplanes.com/h-tails-and-triple-tails/
https://www.kitplanes.com/h-tails-and-triple-tails/
https://eng.libretexts.org/Bookshelves/Aerospace_Engineering/Fundamentals_of_Aerospace_Engineering_(Arnedo)/02%3A_Generalities/2.02%3A_Parts_of_the_aircraft/2.2.03%3A_Empennage
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V-tail (+ +) Less
surface area.

(-) Increased
complexity of
design and
manufacturing.

(±) Good
performance in
crosswinds,
improved roll
stability and
decreased drag.49

(-) -1

Inverted V-tail (++) Less surface
area.

(-) Increased
complexity of
design and
manufacturing.

(±) Comparable
to V-tail with
better roll
performance.50

(+) +1

Boom-mounted tail (- -) Additional
structural weight.

(- -) Additional
structural
components will
increase costs.

(+) Increased
controllability
and pitch
stability.51

(- -) -5

Twin-tail (+) Splitting of
aerodynamic
loads results in
lower required
structural
support.52

(-) Increased
manufacturing
complexity
increases costs.

(+) Better
performance in
case of engine
failure and better
performance in
high-wing
configuration.53

(+ +) +4

Inverted Y-tail (±) Tail is similar
in shape as Y-tail,
except for a
dropped angle of
the horizontal
stabilisers.

(-) Due to
increased
manufacturing
complexity, costs
will be slightly
higher.

(+) Better
performance
since
configuration has
slightly less
trouble with
handling wake of
wing and engine
in case of
high-wing.54

(+) +2

11.3. Horizontal stabiliser design
To be able to guarantee longitudinal stability, a horizontal stabiliser is introduced to counter unwanted pitching moments.
In this section, the design parameters of this horizontal stabiliser will be determined. To do that, first, a loading diagram
will be made to establish the range of the location of the centre of gravity. Furthermore, the stability and controllability will
allow the generation of a scissor plot. From this scissor plot, a horizontal stabiliser surface can be deducted together with
the taper ratio, aspect ratio, sweep and maximum thickness-to-chord ratio with its location, the entire horizontal stabiliser
can be designed.

11.3.1. Loading diagram
In the loading diagram, the c.g. range of the aircraft will be determined. This is done by loading the aircraft in four phases:
first, all business class seats together with the window- and middle seats in the economy+ class will be filled. After that,
all aisle seats of the economy+ will be filled. In order to find the most extreme c.g. locations, for both loadings, two
scenarios will be considered: loading from the front of the aircraft to the back and vice versa. Then, the secondary tank
will be filled after which, lastly, the primary tank will be filled.

As we will see later in Figure 11.3, it is beneficial to keep the centre of gravity range in the loading diagram as small as
possible. This has everything to do with the different moments that will be caused in flight due to the change in the centre

49https://www.kitplanes.com/design-process-v-tails/
50https://www.sciencedirect.com/topics/engineering/aircraft- engineering#:~:text=The%20short%20version%20of%

20the,is%20called%20a%20proverse%20roll.
51https://simpleflying.com/twin-boom-aircraft-pros-cons-guide/
52https://www.quora.com/What-is-the-advantage-of-a-twin-tail-on-an-aircraft-as-opposed-to-a-standard-single-

vertical-stabiliser
53http://what-when-how.com/flight/tail-designs/
54http://what-when-how.com/flight/tail-designs/

https://www.kitplanes.com/design-process-v-tails/
https://www.sciencedirect.com/topics/engineering/aircraft-engineering#:~:text=The%20short%20version%20of%20the,is%20called%20a%20proverse%20roll.
https://www.sciencedirect.com/topics/engineering/aircraft-engineering#:~:text=The%20short%20version%20of%20the,is%20called%20a%20proverse%20roll.
https://simpleflying.com/twin-boom-aircraft-pros-cons-guide/
https://www.quora.com/What-is-the-advantage-of-a-twin-tail-on-an-aircraft-as-opposed-to-a-standard-single-vertical-stabiliser
https://www.quora.com/What-is-the-advantage-of-a-twin-tail-on-an-aircraft-as-opposed-to-a-standard-single-vertical-stabiliser
http://what-when-how.com/flight/tail-designs/
http://what-when-how.com/flight/tail-designs/
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of gravity. To compensate for this, we will end up with a very large horizontal tail. This would of course not be ideal from
a weight perspective.

What differentiates the conceptual design from regular aircraft designs, is the fact that it contains a fuel tank that has a
length of almost 24m. When the tank is placed behind the cabin, as is common for regular aircraft, this would significantly
push the most aft cg backwards and provide a rather inefficient and large c.g. range. Therefore, to account for this, the team
has decided to put the primary fuel tank and the secondary fuel tank in the middle of the aircraft, splitting the cabin into
two equal parts: one cabin in front of the fuel tank and one cabin aft the fuel tank. This can be clearly seen in Appendix D.

Due to the presence of two separate cabins, loading of the forward and aft cabins will take place simultaneously. This will
decrease the c.g. range during these loading phases since the c.g. lies between the two cabins. It is decided to calculate
the c.g. range without taking this into account since it is preferred to have the most extreme values. Therefore, in practice,
the horizontal stabiliser results to be over-designed.

For the loading diagram, when weight is added to the aircraft, the new location of the c.g. is plotted against the total weight.
The loading diagram can be seen in Figure 11.2. The most extreme c.g. locations are depicted in Table 11.2. [26].

Table 11.2: Center of gravity positions in
most extreme scenarios

xcg [m]
xcg

c̄

Most aft c.g. 33.15 0.55
Most forward c.g. 31.50 0.26

Figure 11.2: Loading diagram with primary fuel tank in middle of cabin

11.3.2. Scissor plot
Having established the most forward and most aft c.g. location, a scissor plot can be used to determine the ratio of the
horizontal tail surface over the main wing surface Sh/S. In the scissor plot, shown in Figure 11.3, two lines are plotted
as a function of xc.g.. The line with the positive slope corresponds to the stability requirement displayed in Equation 11.2.
Every point left from this curve is stable and right from this curve is unstable, due to the fact that in these scenarios the
neutral point will be in front of the most aft c.g. The line with the negative slope corresponds to the control requirement
displayed in Equation 11.3. Every point right to this curve is controllable and left to this curve is uncontrollable. In
Equation 11.2 and Equation 11.3, Sh stands for the horizontal tail surface, CLαh

stands for the slope of the lift curve of the
horizontal tail, the CLαA−h

stands for the slope of the lift curve of the main wing, δη
δα stands for the change in downwash

with respect to angle of attack, lh stands for the moment arm of the horizontal tail, c̄ stands for the mean aerodynamic
chord, Vh

V stands for the velocity ratio of the horizontal tail compared to the wing, CLh
stands for the lift coefficient of

the horizontal tail, CLA−h
stands for the lift coefficient of the aircraft without the tail and Cmac stands for the pitching

moment coefficient around the aerodynamic centre.

Sh

S
=

1
CLαh

CLαA−h

(
1− dϵ

dα

)
lh
c̄

(
Vh

V

)2 x̄c·g. −
x̄ac − 0.05

CLαh

CLαA−h

(
1− dϵ

dα

)
lh
c̄

(
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V

)2 (11.2)

Sh

S
=
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(
Vh

V
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− x̄ac

CLh

CLA−h

lh
c̄

(
Vh

V

)2 (11.3)
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Figure 11.3: Scissor plot

When choosing a value for Sh/S, the c.g. range must fit within the stability and controllability curve for the smallest
possible Sh/S. For WorldBus, a ratio of 0.08 was found, meaning WorldBus will have a horizontal tail of 28.39m2. This
ratio can be considered to be extraordinarily low. When inspecting reference data, it was found that the ratio is often at
least 0.2, making it double the size of the discovered horizontal tail. This strange phenomenon can also be dedicated to
the immense fuel tank, which has increased the fuselage length and, indirectly, the horizontal tail moment arm. A longer
arm means less surface is needed to provide the countering stability moments. In addition to the moment arm, the T-tail
configuration also decreases the surface of the horizontal tail since this has an effect on the velocity ratio Vh

V .

11.3.3. Cmac
Most of the values in Equation 11.2 and Equation 11.3 were determined in other sections or are based on data from reference
aircraft. However, one parameter, namely the Cmac

required some additional effort. This pitching moment coefficient
can be analysed to consist of 4 main contributors, the wing, the fuselage, the flaps and the nacelles. The contribution
of the nacelle is -0.05 [27]. The formula for the other contributions are shown in Equation 11.3.3, Equation 11.3.3 and
Equation 11.3.3.

Cmac = Cmacw
+∆fCmac +∆fusCmac +∆nacCmac (11.4)

Cmac ≈ Cm0,airfoil ·
A cos2 Λ

A+ 2 cosΛ
(11.5)

∆fusCmac = −1.8

(
1− 2.5bf

If

)
πbfhfIf

4Sc̄

CL0

CLαA−h

(11.6)

∆Cm⇓ = µ2
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)]
1

8

c′

c

(
c′

c
− 1

)}
+ 0.7

A

1 + 2/A
µ3∆CImax tanΛ1/4 − CL · (0.25− xac

c̄
)

(11.7)

In order for the aircraft to be stable, it is required to have a negative pitchingmoment coefficient. To satisfy this requirement,
it was found that the location of the aerodynamic centre should not be located further than 0.28 times the MAC from the
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MAC leading edge location. This condition was therefore satisfied and ultimately, it followed that the Cmac was equal to
-0.30.

11.3.4. Final design
Having determined a value for Sh/S, one still needs to select a taper ratio
λh, aspect ratio ARh, sweep angle Λh and dihedral angle ϕh to fully de-
sign the horizontal stabiliser. These follow from conventional parameters
used in the industry for jet transport aircraft and are shown in Table 11.3
[28]. The maximum thickness-to-chord ratio (t/c)maxh

and its location
x(t/cmaxh

)

c̄h
follow from the airfoil used, which is the NACA 0012 airfoil.

This airfoil was chosen because of its symmetrical shape, high lift curve
slope, large range of usable angles of attack and thickness to chord ratio
of 12%. [26].

Table 11.3: Design parameters horizontal tail

Parameter Value Unit
λh 0.5 -
ARh 4 -
Λh 20 deg
ϕh 5 deg
(t/c)maxh 0.12 -
x(t/cmaxh

)

c̄h
0.30 -

11.4. Vertical stabiliser design
To guarantee stability and controllability in the yaw direction, a vertical stabiliser is introduced. For the design of the
vertical tail, the ratio of the vertical tail surface over the main wing surface Sv/S is the most important consideration. This
value is determined by adhering to the three different stability criteria listed below.

1. A cross wind of at least 20 knots must be sustained during take-off and landing.
2. The aircraft must be directionally stable, meaning positive weathercock stability (Cnβ

> 0) and positive damping
of Dutch roll.

3. The torque generated when one engine fails should be counteracted.

These requirements can be combined into one equation shown in Equation 11.8 with factors given in Equation 11.9 and
Equation 11.10. [29].

Sv

S
=

1

avηvkβ
(
1 + ∂σ

∂β

) [βk2(Adf
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)2

+
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(ne − 1)

ye
cMAC

](
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)
(11.8)

k = 0.167

(
2.5 +

bv
2r1

)
(11.9) k2 = 0.14 exp

(
xc/4

lf

)5

− 0.045 (11.10)

In Equation 11.8, av is the lift curve slope of the vertical tail, ηv the vertical tail efficiency, β the sideslip angle,A the aspect
ratio of the main wing, df the fuselage outer diameter, b the span of the main wing, CD the drag coefficient, ne the number
of engines, ye the spanwise distance from the centre line of the aircraft to the engine, cMAC the mean aerodynamic chord,
and lv the longitudinal distance between aerodynamic centres of the wing and vertical tail. ∂σ

∂β represents the variation
in sidewash angle with sideslip angle. Lastly, for the determination of the factors k and k2, x(c/4) is the location of the
quarter chord, lf is the total fuselage length, bv is the span of the vertical tail and 2r1 is the depth of the fuselage in the
vicinity of the vertical tail.

Filling in the values for the parameters gave a value for Sv/S of 0.096, resulting
in a vertical tail area of 35.6m2. This value is comparable to that of reference
aircraft and was therefore accepted to be valid.
Having determined a value for Sv/S, one still needs to select a taper ratio λv ,
aspect ratioARv , sweep angleΛv , and dihedral angle ϕv to complete the design
of the vertical tail. Again, these follow from conventional parameters used in
the industry for jet transport aircraft and can be observed in Table 11.4 [28]. For
the vertical tail, the airfoil NACA-0012 is chosen again, since the vertical tail
airfoil should be symmetrical, have a thickness ratio of about 12% and should
have a large range of angles of attack [26].

Table 11.4: Design parameters vertical tail

Parameter Value Unit
λv 0.85 -
ARv 1 -
Λv 40 deg
ϕv 0 deg
(t/c)maxv 0.12 -
x(t/cmaxv )

c̄h
0.30 -

11.5. Undercarriage design
Lastly, the undercarriage must be designed in order to be able to guarantee the stability and controllability of the aircraft
when performing ground operations. First the undercarriage must be sized, after which its location must be determined.
Finally, it must be checked if the undercarriage can be stored, while the aircraft is in flight.
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11.5.1. Undercarriage sizing
For large transport jets, the number of main wheels follows from Equation 11.11, where f stands for the ratio between
landing weight and maximum take-off weight. The number of nose wheels used is 2. Furthermore, following from the
fact that total the number of main wheels is below 12, the main gear is assumed to have 2 struts. As the aircraft will
be designed to land only on paved surfaces in good condition, it is assumed that a minimum load classification number
(LCN ) of 50 should be taken into account. The tire pressure was consecutively determined by means of Equation 11.12.
In order to make sure that an aircraft is steerable, at least 8% of the aircraft’s weight should furthermore be carried by the
nose landing gear. Following from this requirement, Equation 11.13 and Equation 11.14 could be formulated to estimate
the static load per main gear wheel (Pmw) and the static load per nose gear wheel (Pnw). Now that the static loads and
the tire pressure had been established, the tire sizes could be estimated from statistical data from Torenbeek as shown in
Figure 11.4.

Nmw = f ·WTO/210, 000 (11.11)

p = 430 · lnLCN − 680 (11.12)

Pmw = 0.92 ·WTO/Nmw (11.13)

Pnw = 0.08 ·WTO/Nnw (11.14)

Figure 11.4: Diagram from Torenbeek, assisting in sizing of wheels
undercarriage

11.5.2. Undercarriage positioning
The longitudinal position of the main landing gear depends on the scrape angle and the tip-back angle, where the scrape
angle should always be smaller than the tip-back angle. For the tip-back angle, first, a value of 15◦ was chosen, whereas
a scrape angle of 13◦ was selected. Figure 11.5 portrays the different angles. However, since the aircraft has a very large
fuselage length, adhering to these requirements would mean that the height of the doors would exceed 5 meters, which
will make it challenging to board passengers because jetbridges typically reach up to five meters.55 To accommodate a
lower floor height, it was decided to lower the scrape-back angle to 9◦. This smaller scrape angle and therefore more
shallow tail, means that the fuselage is a lot more aerodynamic. Although a smaller scrape angle will increase the take-off
length required, because the angle of attack that can be achieved is lower on the ground. Lowering the landing gear length
also comes with the added benefit that the track width can be lowered. Something that is especially valuable, as having a
high-wing configuration means that the gear cannot simply go inside the wing.
Moving on to the longitudinal position of the nose gear, this value should be chosen in such a way that the nose gear will
carry at least 8% of the load when the aircraft is on the ground. The lateral position of the main landing gear depends on
3 constraints, where the most outwards position will be the final one. The constraints are related to overturn, tip clearance
and engine clearance. After careful investigation, the ’overturn’ constraint was the limiting requirement. This makes sense
as the high wing configuration means that a wing- or engine strike is very unlikely to happen.

55https://www.adelte.com/airports/passenger-boarding-bridges/#1649239264783-1d968bf9-81b3
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Figure 11.5: Figure portraying angles for longitudinal positioning of undercarriage

A different solution to making the gear shorter with the accompanying disadvantages was also considered. A partially
retractable gear could be installed to lower the aircraft when it has reached the gate. This would allow for a better scrape
angle. However, such a system requires a lot of power and therefore weight. It also does not have the benefits of being
able to place the landing gear closer to the centreline of the aircraft. For these reasons, an increase in takeoff and landing
distances is preferable with the accompanying aerodynamic improvements.

11.5.3. Storing the undercarriage
After the undercarriage has been sized and positioned, it is important to verify whether the designed undercarriage can
actually be stored during flight. Whereas in normal aircraft configurations, the undercarriage is mounted on and stored in
the wing, this is rather complicated in the case of a high-wing configuration. To accommodate the undercarriage for the
high-wing truss-braced aircraft, it was chosen to attach the main landing gear to the truss structure and to also store it in a
cowling within the truss structure. The feasibility of this design was tested with respect to the length of the landing gear
and space in the fuselage and was deemed to be a legitimate option. An illustration of this system is shown in Figure 11.6.

Figure 11.6: Illustration of landing gear deployment and storage system

11.5.4. Undercarriage design values
In Table 11.5, all undercarriage parameters are portrayed. The reference frame for the positions of the undercarriage is as
follows: the longitudinal frame (x-coordinates) starts at the tip of the nose, the lateral frame (y-coordinates) starts at the
middle of the fuselage and the height (z-coordinates) starts at ground level.
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Table 11.5: Landing gear design parameters

Parameter Value Unit
Number of main wheels 8 -
Number of nose wheels 2 -

Number of main gear struts 2 -
Longitudinal position of main landing gear 34.78 m
Longitudinal position of nose landing gear 14.41 m

Height of landing gear (ground to lowest side of cabin) 3.16 m
Lateral position of main wheels 4.92 m
Static load per main wheel 252.37 kN
Static load per nose wheel 87.78 kN

Main wheel width 0.508 m
Main wheel diameter 1.27 m
Nose wheel width 0.3048 m

Nose wheel diameter 1.016 m

11.6. Verification and validation
To verify the calculations performed for stability and control, unit tests have been performed on all formulas used. In
addition to verification, validation has been performed by comparing the values to reference aircraft.

To validate the positioning of the wing of WorldBus, reference data of the Boeing 787-9 was analysed. It was found that
the leading edge of the root of the wing of the Boeing 787-9 was at 30% of the total aircraft length.56 Inspecting the values
that were found for WorldBus, it could be stated that in this design, the wing was positioned at 27% of the total aircraft.
Thus, the position of the wing of WorldBus was deemed valid.

For the design of the horizontal tail of the WorldBus, a detailed program was developed. In order to check the validity
of this program, it was rerun, this time using input values from our reference aircraft, the Boeing 787-9. The system can
be easily checked, since for the Boeing 787-9 all input variables were available and the ratio Sh/S is known that has to
be compared. When all input variables were put in the program, an Sh/S of 0.18 was found, whereas this value should
have been 0.20.57 This difference can be attributed to the fact that the c.g. range of the Boeing 787-9 was not known
and, therefore, some assumptions had to be made. The second part of the validation process would consist of comparing
the Sh/S of the WorldBus to the Sh/S of reference aircraft. Here, a problem seems to arise. Whereas the Sh/S of the
WorldBus is found to be 0.08, the Sh/S of reference aircraft are normally around 0.2. However, this difference can be
easily explained. Due to the increased moment arm, caused by the increased aircraft length due to the lengthy fuel tank, a
smaller stabilizer surface is required to deliver the required countering moments. In addition to the moment arm,WorldBus
has a T-tail configuration which also decreases the surface area of the stabilizer. Therefore, the established Sh/S of the
WorldBus and the entire horizontal surface design are deemed valid.

The design of the vertical tail was validated in the same matter as the horizontal tail. For the vertical tail, a value for Sv/S
of 0.103 was found with the program whereas this value is 0.106 according to the vertical tail area and wing area of the
Boeing 787-9.58 This difference is only 3% and, therefore, the program is validated. WorldBus has a value of 0.096, which
is in an acceptable range, validating the vertical stabilizer design.

To validate the calculations with regards to the undercarriage, reference data from the Boeing 787-9 was analysed. It
was found that the distance between the nose wheel and the landing gear was 25.8m.59 When filling in the values in
the used formulas, a distance of 21.6m was found. The tip-back angle and scrape angle are estimated to be 15 and 12
degrees respectively, since they are unknown. This 19.4% difference can therefore be explained by these estimations
made. For WorldBus, a scrape bank angle of 9 deg was used to make sure the doors of the aircraft stay below 5m. This
is unconventional but when looking at aircraft with a comparably long fuselage like the AN-225, an angle of 9 degrees is
found and therefore is deemed a realistic value as long as the HLD’s are able to provide enough lift during take-off for a
short take-off distance

56https://www.lissys.uk/samp1/index.html
57https://www.lissys.uk/samp1/index.html
58https://www.lissys.uk/samp1/index.html
59https://www.boeing.com/assets/pdf/commercial/airports/acaps/787.pdf
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11.7. Conclusion and recommendations
The main conclusion that can be drawn from this chapter is the fact that WorldBus will be stable and controllable. To
achieve this, appropriate horizontal and vertical stabilizers had to be designed. The horizontal stabilizer depends highly
on the c.g. range of the aircraft, which is established bymeans of a loading diagram. It was found that, in contrast to regular
aircraft designs, the fuel tank must be placed in the middle of the cabin to not have a too large aft-most c.g. location. Based
on this design choice, the horizontal (Sh/S) and vertical tail (Sv/S) surface to wing surface ratios were calculated, a value
of 0.07 for Sh/S and a value of 0.09 for Sv/S were found. Although these values seem on the low side, this characteristic
can be contributed to the long moment arm caused by the long aircraft length and T-tail of WorldBus.

Further analysis into the stability and control of WorldBus is recommended, focussing on the points listed below:

• For the wing placement is it recommended to analyse it further when the actual centre of gravity positions are known.
• For the horizontal stabilizer some assumptions have been made based on literature it is recommended to further
analyse it when these values are known

• For the vertical stabilizer some assumptions have been made based on literature it is recommended to further analyse
it when these values are known.

• For the loading diagram analyse the effect of loading passengers in both cabins at the same time on the cg range and
the size horizontail tail.

• For the undercarriage it is recommended to further analyse the effect of the small scrape angle and large tip back
angle.

• Analyse the eigenmotions of WorldBus.
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Performance

In this chapter, the performance of the aircraft is analysed. First, the airfield performance is analysed in Section 12.1 after
which the flight and climb performance is discussed in Section 12.2. Lastly, the payload range and the load diagram are
analysed in Section 12.3 and Section 12.4

12.1. Airfield performance
To be able to find out whether an aircraft will perform as required for operations at airports, the airfield performance must
be analysed. First, the take-off performance is analysed in Subsection 12.1.1. Then, in Subsection 12.1.2, the landing
performance is analysed.

12.1.1. Take-off performance
To analyse the take-off performance the field length is evaluated. This is the total length that the aircraft needs to be
able to take off. The take-off field length was analysed at International Standard Atmosphere (ISA) sea level conditions.
Furthermore, no slope or wind is taken into account.

The field length is split up into two parts, the ground run and the airborne phase. For the lift-off speed (VLOF ), 1.05Vmin

is used. Here Vmin is the minimum velocity at a maximum lift coefficient of 2.2 for take-off as specified in Section 9.6.
To calculate the ground run distance (sground) Equation 12.1 is used [30].

sground =
V 2
LOFW

2g(T −D − µr(W − L))avg
(12.1)

D = 0.5ρV 2S(CD0
+ ϕ

C2
L

πeAR
Cl (12.2) ϕ =

(16h/b)2

1 + (16h/b)2
(12.3)

In the calculation for the drag used in Equation 12.1 the ground effect is taken into account by introducing parameter ϕ.
The calculation of this parameter depends only on the height of the wing compared to the ground (h) and on the span of
the wing (b). To calculate the friction drag, a friction coefficient (µr) of 0.02 is assumed. The average values for lift and
drag were calculated at a speed of 0.7VLOF [30][31].

The airborne phase consists of two parts, transition and climb. The horizontal distance covered during the transition and
climb phase is calculated using Equation 12.4 and Equation 12.5 respectively [30].

xtrans =
V 2
LOF

0.15g
sin γclimb (12.4)

xclimb =
hscr − (1− cos γ)V

2
LOF

0.15g

tan γ
(12.5)

Here, γclimb is the flight path angle during climb and is assumed to be equal to 3 °. hscr is the screen height which is equal
to 11m as specified by CS25 [23]. When adding these three distances a total take-off distance of 2276m was found. A
factor of 1.15 for safety is applied as specified by CS25 regulations [23] resulting in a total take-off distance of 1299m.
This is deemed to be an acceptable take-off field length, so no design alterations have to be made.

12.1.2. Landing performance
For the landing performance, the landing field length is analysed in a similar manner as the take-off field length. Again no
slope or wind is taken into account for these calculations. To calculate the airborne distance, Equation 12.6 is used [30].
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xtotal−airborne =
V 2
ap

∆ng
sin γap

hscr − (1− cos γap)
V 2
ap

∆ng

tan γap
(12.6)

Here, Vap is the approach speed equal to 1.3Vmin, where Vmin is the minimum velocity at a maximum lift coefficient of
2.8 for landing as specified in Section 9.6[30]. ∆n and γap are the change in load factor and the approach angle, which
were assumed to be 0.1 and 3 ° respectively [30]. Lastly the screen height hscr is equal to 15m as specified by CS25
regulations [23].

The ground run distance is split up into the transition phase and the ground brake distance. It was assumed that the
transition phase takes 2 seconds resulting in a transition distance xtr of 2.6Vmin [30]. The breaking distance is calculated
in an identical manner as the ground run distance with Equation 12.7 [30].

xbrake =
V 2
apW

2g(Trev +D + µr(W − L))avg
(12.7)

Here, Trev is the reversed thrust applied by the engines for landing, and µr is the friction coefficient for landing, which
is assumed to be 0.4 [31]. Again the average drag and lift are calculated at a speed of 0.7Vap. When adding these
three distances and applying a safety factor of 1.43 determined by the ’Civil Aviation Authority’, this results in a landing
distance of 2830m when no reverse thrust or spoilers are used.60 This might seem like a relatively large value, however,
this distance can be shortened by applying reverse thrust and spoilers so no problems are foreseen for regular operations.
When reverse thrust is applied, a required landing distance of 1777m is found.

12.2. Flight and climb performance
Essential information for the determination of cruise altitudes is portrayed in a so-called flight envelope. In the flight en-
velope shown in Subfigure 12.1a, you can see several lines, each representing various speeds for optimal climb rate, climb
angle, endurance, range, and glide performance at different altitudes. Also, minimum velocity (orange line), maximum
velocity (light blue line) and stall speed (dark blue line) are plotted. As we are an ultra-long-range aircraft, ideally, we
would like to fly along the green line (best-range performance line). Overall, the flight envelope is a diagram which shows
the possible velocity and altitude combinations at which an aircraft can fly. Some are optimal some are not, but it is a
useful chart for pilots to know whether they are flying efficiently for a desired performance.

(a) Flight Envelope (b) Rate of Climb Graph

Figure 12.1: Performance diagrams

Unfortunately, at the design cruise altitude of 9 km, the speed for optimal range performance is 255.6m/s. This is slightly
too low for the mission of this project; where the 19 000 km have to be flown in 20.5 hours, equivalent to a minimum speed
of 265m/s (dashed line). Flying at the speed for optimal range performance, the 19 000 km would be flown in 21.3 hours
resulting in a total duration of 24.8 hours of travel time. Furthermore, to achieve optimal range performance at 265m/s
the aircraft would have to fly at an altitude of 9.6 km. Thus, it can be seen that the design point of 265m/s at 9 km is not
optimal for range performance. However, the flight envelope suggests that the engines can provide enough power to fly
the aircraft at the required cruise speed of 265m/s, at the cruise altitude of 9 km. This means that we will not be flying as
efficiently as possible, but completing the mission is still possible as our engines are powerful. When flying at this altitude

60https://publicapps.caa.co.uk/docs/33/20130121SSL07.pdf
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and speed the fuel needed would increase by 194 kg this could be taken out of the secondary tank in which 2205 kg is
stored.

It is important to have an insight into the rate of climb performance of an aircraft, this information may assist a pilot
in clearing obstacles and in evaluating the size of the take-off distance at different airports. This rate of climb differs per
altitude, varying with the difference in available power and power required for propulsion and is plotted in Subfigure 12.1b.

12.3. Payload range diagrams
Payload range diagrams depict the relationship between the different payloads and ranges of the aircraft. It is constructed
based on the MTOW, fuel weight, fuel weight used for cruise, the operational empty weight and the payload. The payload
range diagram is presented in Figure 12.2.

Figure 12.2: Payload range diagram

In Figure 12.2 the most left point where the red and blue line start is the zero fuel weight together with maximum payload.
Then fuel is added until the maximum take-off weight is reached which is at the harmonic range of 19 000 km. Then
payload is removed until no passengers are present resulting in a maximum range of 22 500 km.

12.4. Load diagram
A load diagram defines the velocity range an aircraft can operate in as well as the maximum load factors it may encounter
during manoeuvres. Therefore this diagram helps pilots operate within safe boundaries and flight conditions. The diagram
consists of two plots: the manoeuvre load diagram and the gust load diagram the final diagram is shown in Figure 12.3
from which it can be concluded that the gust load diagram is the limiting factor with a load factor of 2.588.

Figure 12.3: Load diagram



12.5. Verification and validation 60

12.5. Verification and validation
To verify the model used for the performance of the aircraft unit tests have been used to check the correctness of the model.
In addition to unit testing, the values can be validated by comparing them to reference aircraft. For the take-off distance, a
value of 1299m was found for WorldBus while the Boeing 787-9 has a take-off distance of 2800m.61 This difference can
be explained by the fact that WorldBus has a higher CLmax at take-off, is lighter and has excess thrust since an existing
engine has been chosen. When comparing the landing distance a value of 1777m was found for WorldBus whereas the
Boeing 787-9 has a landing distance of 1520m. 62 Since the difference between these two values is within an acceptable
margin, the landing distance calculation is deemed valid.

The payload range diagram that was constructed in Section 12.3was validated by comparing it to the payload range diagram
of a Boeing 787-9.63 It was noticed that the diagrams were not the same, which can be attributed to the assumption that, in
MTOW circumstances, the fuel tank is fully filled while also using the maximum payload. Normally, when the fuel tanks
are full, the aircraft cannot take on as many passengers as it would exceed its MTOW, and vice versa when having full
payload capacity, the fuel carried onboard is decreased. However, WorldBus has been designed for a range of 19 000 km
when the aircraft is completely fueled, with 200 people on board, their baggage and crew. Thus, the only design point in
the payload range diagram at MTOW is maximum fuel and maximum payload. This explains the difference between the
Boeing payload-range diagrams. If the tanks and internal configuration had been designed differently, the diagrams would
have looked similar.

12.6. Conclusion and recommendations
The take-off distance of WorldBus is shorter compared to the Boeing 787-9 which is due to a higher CLmax

at take-off,
a lower MTOW and excess thrust. Additionally, the landing distance is higher which is due to the fact no reverse thrust
or spoilers are used. When flying at a speed of 265m/s at an altitude of 9 km WorldBus is not flying at optimal speed
and therefore can’t fly as efficiently as possible. However, when a little extra fuel is used out of the secondary tank, the
mission can be achieved. Lastly, with the payload range diagram, it was verified that Worldbus has a range of 1900 km.

Further analysis of the performance of WorldBus is recommended of which the focus points are listed below.

• For the airfield performance it is recommended to take more critical conditions into account such as crosswinds,
rain, and runway slope.

• For the airfield performance some assumptions were made for thrust, drag, velocities, flight path angles, and friction
coefficients. To get more accurate results a more detailed analysis based on known values needs to be performed.

• For flight and climb performance revise exhaust flow and bypass airflow velocities for the Trent 1000.
• For the payload range diagram a better analysis can be performed by not assuming that the fuel tank is fully filled
while also using maximum payload.

61https://aerocorner.com/aircraft/boeing-787-9/
62https://aerocorner.com/aircraft/boeing-787-9/
63https://www.boeing.com/resources/boeingdotcom/commercial/airports/acaps/787.pdf
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13
Structures

In this chapter, the sizing and mass for a number of structural components are established. Firstly in Section 13.1, the
structure of the fuselage is discussed. In this section, the skin, stringers, and frames will be analysed as well as other
structural system implementations that will be explored. In Section 13.2, detail is given to the tanks located in the fuselage
as well as other subsystems necessary for the system are designed. Finally, in Section 13.3, detailed wing, strut and engine
pylon designs are performed based on the loads acting on the wing. All computations performed in this chapter are based
on the coordinate system shown in Figure 13.1

Figure 13.1: Coordinate system, positive axis and moment directions

13.1. Fuselage structural design
As the shape and diameter have been determined, more detail can be introduced by determining the number and location
of the stringers, determining the number of frames based on the spacing, and determining skin thickness. These structural
parts have an influence on the structural weight.

13.1.1. Skin thickness
For the fuselage design, the skin is designed to account for internal stresses caused by pressure differences. The circumfer-
ential and longitudinal stresses in a pressure vessel can be calculated with Equation 13.1 and Equation 13.2 [32]. CS-25
regulations, specifically CS 25.841(a), state: ”Pressurised cabins and compartments to be occupied must be equipped to
provide a cabin pressure of not more than 2438m (8000 ft) at the maximum operating altitude of the aeroplane under
normal operating conditions.” [18]. The cabin is then pressurised at a pressure of an altitude of 2000m for comfort. This
creates a pressure difference (∆p) that acts on the skin.

σcirc =
∆pR

t
(13.1) σlong =

∆pR

2t
(13.2)

Here, R is the radius of the fuselage, t is the thickness and the circumferential and hoop stresses are taken to be the yield
stress of the applicable material. R equals 3.1m , ∆p equals 48.8 kPa , σcirc and σlong are set to be 0.4MPa. The
applied material would result to be CFRP. The thickness is then taken to be the largest thickness out of the two equations
and results in a skin thickness of 0.38mm. However, for the ease of manufacturing and for the reason that the skin does
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not only have to protect against stresses but also possible debris flying against the fuselage, the skin thickness is taken to
be 1mm.

13.1.2. Stringer selection
The stringers are an important load-carrying member in the fuselage responsible for the bending moment in the fuselage.
They are directed in the length of the fuselage. At cruise, the fuselage frame tends to ‘droop’ around the main wing due to
the structural weight of the aircraft itself. This causes the upper part of the fuselage to experience tension, and the lower
part to experience compression.

In order to have a structure that can handle these loads, it is important to determine the internal shear stress and bending
moments that occur in the aircraft. These values will determine what kind of stiffening elements are needed for the fuselage.
For this, the MTOW at take-off has been identified as the most critical load case. To get an accurate estimate of the internal
shear and bendingmoments forWorldBus, the fuselage structure has been divided into a number of different sections. First,
it is assumed that the weight of the fuselage itself, together with the fixed equipment, is spread uniformly over the entire
length of the fuselage. Then, the main fuel tank weight, secondary fuel tank weight, empennage, and payload weight are
also considered as distributed loads at their respective locations. For instance, the fuel tank is approximately 24m long
and starts at 20m from the nose. Its load is then distributed over this area. Finally, the lift provided by the wing and the
horizontal stabiliser, and the weight of the wing and the engines are assumed to act as point loads on the structure. The
result of the internal shear and bending moment can be seen in Figure 13.2. The internal shear force has simply been
calculated with Equation 13.3 for distributed loads, and with Equation 13.4 for point loads. At every point, the internal
shear force of all the different components can be added together to find the total internal shear force.

Vx = −
∫ x

0

f(x)dx (13.3) Vx = −P (13.4)

Then, to find the bending moment at a position relative to the nose, the total internal shear force diagram, as given in
Subfigure 13.2a, is simply integrated from the nose up until that position.

The largest bending moment occurs where the wing is mounted to the fuselage. Here, a large torque is applied to the
fuselage as the wings sweep means that the resulting lift vector is positioned behind the location where the wing is attached
to the main fuselage. Since the stringers need to carry the bending moment, the size and amount of stringers are directly
influenced by the magnitude of the bending moment.
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(a) Internal shear force in fuselage.

(b) Bending moment in fuselage.

Figure 13.2: Internal shear force and corresponding bending moment in fuselage due to lift and weight forces.

To obtain a structural fuselage approximation, it is assumed that the stringers will fully cope with bending loads, whereas
the skin will deal with shear, torsion and pressure. In reality, this is not entirely true. Although the stringers do carry the
majority of the bending loads, they are also subjected to the other loads. Therefore, a hat-shaped stringer is the best choice.
Such a shape has good performance in all load cases and is especially able to deal with high compression loads, which
is particularly experienced by the lower part of the fuselage. Also, if the fuselage will be composite, the stringers and
fuselage can be produced in one go. In comparison, the process is less labour-intensive compared to a metal fuselage.

13.1.3. Stringer number and placement
To stiffen the aircraft, stiffeners and longerons are used. Longerons are stiffeners with a larger cross-sectional area. In this
analysis, only stringers are considered. A conventional cross-section has between 50-100 stiffening elements. Using the
absolute maximum bending moment with the material maximum yield stress, it was determined that a stiffening area of
1318 cm2 is required. This value is based on an idealised boom analysis method.

σboom = SF · n2.5 ·
M

I
z̃ (13.5)

This means that about 180 stringers with a cross-sectional area of 7.3 cm2 is the most optimal solution. This is due to the
size of the aircraft. The fuselage is larger than most conventional aircraft, and due to its size, this stringer configuration is
reasonable. In case a composite material is used, such as CFRP, a safety factor (SF) of two is used.
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Figure 13.3: Schematic stringer placement
in the center of the fuselage

For the stringer placement, the bending moment is in the direction of the y-axis,
meaning that the fuselage lower half experiences a compressive force and the top
side experiences tension. Around halfway, at the horizontal axis, the moment and
forces are the lowest, hence the least stringers are located here. Only a few stringers
are located around here for structural integrity.

Finally, the weight is optimised by reducing the stiffening area based on the reduc-
tion of the bending moment in sections. As can be seen in Subfigure 13.2b, there
is a change in the bending moment. To reduce the structural weight, a step-wise
approach is used, based on the fraction of the bending moment with respect to the
maximum bending moment. Reducing the stiffening elements towards the ends is
beneficial as the loads decrease, requiring fewer elements, and thus reducing the
weight.

13.1.4. Formers sizing
For a more complete structural representation, the structural formers were also sized. Formers are used to maintain the
shape of the fuselage and to reduce the column length of the stringers to prevent general instability of the structure [33].
Formers are typically placed about 50 cm apart 64. As formers carry small loads, they can be made of light structures. For
the size of the formers, the frame area of the KC-135 fuselage panel was used [34], due to very little information being
available about former sizes. This gives an approximation of the volume required in the fuselage, which was 1.29m3.
This is however an overestimation as the size of the frames reduces in the conical parts of the fuselage. Yet, this does give
a good representation of the required mass.

13.1.5. Screens replacing windows

Figure 13.4: Screens replacing windows artist impression

The future in air travel could be that windows are replaced with screens,
as shown in Figure 13.4 65. By removing cabin windows from aircraft,
critical loads around the window cut-outs are removed, allowing for a
more evenly distributed load.

This removes the reinforcements around the windows, which lowers
the structural weight. Data indicated that for each kilogram of weight
saved in the design phase, the total plane weight will decrease by
1.25 kg [35]. For the WorldBus final design concept, about a 900 kg
structural weight decrease can be observed. As an effect, sustainabil-
ity would improve due to reduced fuel consumption. Also, the waste
material produced from making cut-outs is significantly reduced, im-
proving sustainability even more. Utilizing lightweight panels that can
curve with the fuselage shape, the added weight of the screens can be
kept to a minimum.66

Removing windows from the cabin also has its drawbacks. From re-
search, it has been observed that about 80% would not fly a windowless aircraft due to feeling claustrophobic. Also, the
option of not being able to take real pictures is a drawback according to passengers [35]. Furthermore, latency between
visual and physical perception could cause more cases of motion sickness [36]. To minimise this, a live feed has to be used
on the screens such that the difference in this perception is minimised. Finally, heat is generated, increasing the internal
cabin temperature. Current aircraft are outfitted with a climate control system only capable of a few settings. However, it
is expected that future aircraft have a more sophisticated climate control system implemented.

Another large drawback that has to be considered is the fact that much less natural light will be available inside the cabin.
This means that in the event that power in the cabin is lost, it will be a lot darker than in a conventional aircraft, as light
can only enter the cabin through the windows in the doors. To combat this the exit routes on the aisles will be painted with
fluorescent paint, to ensure that they are visible in low-light conditions. To further mitigate this risk, the light inside the
cabin will be dimmed during take-off and landing operations. These are typically regarded as the high-risk section of a
flight. Thus to lower the time that the passengers’ eyes need to adjust to the dark cabin in case of a power loss, the lights are
dimmed preemptively. Lastly, the flight crew will be outfitted with more versatile flashlights than airlines conventionally
do to aid them in emergency response work.

Although using screens to replace windows has quite some drawbacks, many systems could be improved ensuring that the
64https://aerotoolbox.com/fuselage-structure/
65https://www.dezeen.com/2014/11/07/cpi-technology-consultancy-transparent-aircraft-cabin-interior/
66https://www.nhk.or.jp/strl/english/publica/bt/81/4.html
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effect of these drawbacks is minimised or even fully mitigated. This will be beneficial for the passenger experience. From
a manufacturing point-of-view, this replacement has significant structural benefits, as well as sustainable improvements.
Therefore, it has been decided to incorporate this design choice.

13.1.6. Lightning strike
With the use of CFRP for the skin, the weight of the aircraft is significantly reduced. CFRP is however a poorer electrical
conductor than aluminium that is conventionally used as fuselage skin material. If an aircraft with aluminium skin is
struck with lightning, lightning will attach to an extremity such as the wing tip or nose. The lightning then attaches to the
fuselage and is conducted through the skin to exit at some other extremity. However, since the CFRP fuselage skin does
not conduct very well, an alternative has to be thought of as the skin would otherwise result to get damaged. The lighting
has to be guided safely across the fuselage such that no electrical equipment is affected or more importantly no sparks
get to the fuel system that would ignite the hydrogen.67 A metal mesh in the skin gives protection against lightning as it
conducts electricity through the outside of the vessel. Areas that are more prone to lightning strikes are given additional
protection such as wire bundle shields.68

13.1.7. Results

Table 13.1: Description of the fuselage results

Structural part Volume [m3]
Skin 1.36

Stringers 4.63
Formers 2.10

After weight optimisation, the fuselage results can be seen in Table 13.1. The
numbers presented in Table 13.1 are based on current optimisation. These val-
ues will be used for further determination of the structural weight, which is influ-
enced by the material selection in the upcoming chapter. It must be noted that
this section is not perfect as some assumptions have been made which do not
apply to reality. It must be noted that the volume of the stringers will double if
a composite is going to be used.

13.2. Tank sizing
In the case of the storage of hydrogen, a revaluation was made for the tank design along with a design for a buffer tank.
The buffer tank is present in case of a failure in the main tank system and contains enough fuel for one hour of flight.

13.2.1. Main tank system
When considering the storage of liquid hydrogen (LH2), the incredibly low storage temperature of 20K is the main
design constraint. A good tank design needs to find a way to insulate the liquid hydrogen with as little mass as possible
whilst fitting within the spacial constraints of the aircraft. First, the inner tank is designed. This tank serves to hold
the LH2 and withstand the pressure inside the tank. A material selection had to be made for the main tank for which
high alloy steel, age-hardened aluminium and carbon fibre-reinforced polymer (CFRP) were considered as options for the
skin of the inner shell. These materials were selected as they are commonly used for pressure vessel design. CFRP was
eliminated because it cannot withstand the thermal environment, leaving only steel and aluminium. The inner tank design
was based on methods used for designing cryogenic hydrogen tanks for future aircraft applications [37]. Knowing the
outer tank diameter, the outer tank shell thickness and the insulation thickness, the inner tank diameter can be obtained.
Using Equation 13.6, the inner tank shell thickness (ti) can be calculated.

ti =
ppdi

v( 2KSF − pp)
(13.6)

Where pp is the proof pressure that is obtained by including a safety factor of 1.4 in the venting pressure, which is the
maximum pressure inside the tank. SF is the safety factor which is assumed to be 1.4, di is the inner tank diameter, v is
the weld efficiency that is taken to be 0.8 and K is the limiting stress of the material. The limiting stress was taken to be
the yield stress of 1480MPa. The internal tanks are designed for a proof pressure of three bar.

Around the inner tank, an insulation layer is required to limit the amount of hydrogen that boils during flight and to protect
the structure of the aircraft. For an insulation material, multiple insulation foams were analysed that ended up not being
able to withstand the temperature of liquid hydrogen. One insulation foam that was able to perform in such an environment,
is a specially developed form of polyurethane (PUR) [38]. Cryogenic thermal insulation systems that incorporate a vacuum
environment can provide the lowest possible heat transfer from the local environment to the stored cryogen. Vacuum in
combination with multi-layer insulation (MLI) systems can provide the most optimal thermal insulating capability [39].
Soda lime borosilicate glass bubbles were also considered as an option for the insulation layer in the vacuum, which at

67https://www.scientificamerican.com/article/what-happens-when-lightni/
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first was a promising option because they might alleviate buckling of the outer vacuum wall. However, too little is known
about the mechanical effect of the application of glass bubbles in a vacuum. Hence MLI was preferred due to its higher
thermal resistance. When designing the outer tank using a vacuum layer as insulation, the outer tank was designed based
on methods for other vacuum chambers [40]. And as stated earlier, when designing polyurethane foam as an insulator, no
outer tank had to be designed.

The diameter of the outer tank was taken to be the diameter of the fuselage with a clearance of 10 cm to allow space for
tubing, stiffeners for the fuselage and some room for inspection and maintenance. The thickness of the tank is determined
using an external pressure design procedure for cylindrical shells [40]. This procedure described a method in which a
thickness is assumed and the required moment of inertia is compared to the estimated moment of inertia of the stiffeners.
This is an iterative trial-and-error design procedure that results in a thickness for which the estimated moment of inertia
is higher but closest to the required moment of inertia of the stiffeners. The tanks were designed for an external pressure
equal to sea level pressure with a safety margin of 1.4. This method results in a good high alloy steel tank. However, it
is prohibitively heavy. To improve this design the tank and stiffeners were changed to CFRP. This was done by scaling
the thickness of the walls by the ratio of Young’s moduli between CFRP and high alloy steel. This will lead to an over-
designed tank as the greatly increased thickness will mean that the buckling pressure goes up, as this is mostly a function
of geometry rather than material strength. Meanwhile, the strength of the walls remains the same through the scaling.
Unfortunately, this means that the tank is heavier than it could be if the design was further optimised. Because no better
method for designing CFRP tanks could be found this resulted to be the final design for this part of the design.

The required thickness of the insulation was based on a designed amount of allowable
boil-off per day. A boil-off of 1% per 24hr was found to be a good design point for
a low loss with acceptable insulation thickness. This dictates the amount of energy
that is allowed to come through the insulation. For the first design, MLI was used in
combination with a vacuum layer to limit the thickness of the insulation (tins). Which
is calculated using Equation 13.7, resulting in a thickness of 1 cm. For polyurethane,
this resulted in a thickness of 1.47m.

q =
k

tins
Am∆T (13.7)

In Equation 13.7 q is the heat flow, k is the thermal conductivity of the insulation
material, Am is the mean area of inner and outer insulation surfaces and ∆T is the
difference in the temperature between the liquid hydrogen and the surface area of the
tank. The surface temperature will have to be kept at 5 °C by a small heating system
to avoid ice forming on the surface. Following Equation 13.7 1.8 kW of power will
be more than enough.
This concludes the final tank sizing, for which the parameters can be seen in Table 13.2.
It is clear that for a vacuum-insulated tank, the outer vacuum jacket contributed the
most to its weight. The PUR insulated tank offers a better specific weight, however,
due to the low inner diameter the length has to be prohibitively large. Therefore, the
cylindrical tank results to be designed from an inner high alloy steel tank, an insula-
tion layer using MLR and a vacuum with a CFRP outer tank to keep the vacuum layer
airtight.

Table 13.2: Parameters of the liquid
hydrogen main tank for different

configurations.

Parameter Value
Inner tank length 26.71 [m]
Inner tank diameter 5.67 [m]
Inner tank mass 3041.53 [kg]
Insulation thickness 0.01 [m]
Amount of stiffeners 148 [-]
Stiffener spacing 0.17 [m]
Outer tank length 26.74 [m]
Outer tank diameter 5.7 [m]
Outer tank mass 68103.17 [kg]
Total tank mass 78816.13 [kg]

13.2.2. Buffer tank system
Because the main tank is utilising liquid hydrogen insulated with a thin vacuum, the risk of failure for this tank is deemed
to be high. In this case, failure would include anything that stops the tank from delivering enough hydrogen to power the
engines and could include anything like valve failure, failure of the heating system, or loss of the vacuum in the insulation
layer. For this reason, a secondary buffer tank was designed. It holds reserve fuel to ensure one hour of nominal flight
when the main tank fails.

Because this tank is designed for redundancy, alternatives to vacuum insulation were reconsidered. Polyurethane foam
would be preferred over a vacuum layer for this reason. Because polyurethane offers much lower thermal resistance, a
higher percentage boil-off rate has to be accepted for this option. However, since the buffer tank can be considerably
smaller, a higher fractional boil-off still translates to a smaller boil-off w.r.t. the main tank. To eliminate boil-off, high-
pressure hydrogen storage was also reconsidered. This would be the simplest solution for storage, as the high pressure
inherently forces the hydrogen out of the tank, meaning that only a valve is needed for flow control. However, these tanks
were found to be an order of magnitude heavier than the PUR-insulated tanks due to the high pressures involved.

All tanks were designed to hold one-twentieth of the volume of the main tank. Because this tank is designed to allow for
a 20+ hr flight. This means that the buffer tank can facilitate one hour of flight time. The weights for the designed liquid
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hydrogen tank are shown in Table 13.3.

Table 13.3: Liquid hydrogen buffer tanks.

Insulation type Outer diameter [m] Mass [kg]
Vacuum insulated 4.27 3098
PUR (50%/day B.O.) 5.16 886
PUR (100%/day B.O.) 4.51 886

Table 13.4: Compressed hydrogen buffer tanks.

Diameter [m] 300 bar 700 bar
CFRP 6.36 5.21
steel 6.19 4.93

titanium 625 5.09
aluminium 6.38 5.40

Mass [kg] 300 bar 700 bar
CFRP 64,100 121,900
steel 88,100 208,900

titanium 107,000 258,200
aluminium 130,600 326,200

13.2.3. Venting system
The liquid hydrogen tank uses its own boil-off to pressurise the tank. This means that in cases where the boil-off is higher
than the amount of fuel being used, the pressure inside the tank will build up.

If leakage occurs in the inner or outer tank, as earlier explained, the tank would be compromised and the fuel would have to
be jettisoned. The heating component inside the tank that would normally regulate the boil-off could then be heated further
to speed up the vaporisation rate of the liquid hydrogen which would then have to be vented into the outside environment.

Since the gaseous hydrogen has a lesser density, the venting system would have to attach to the top of the fuel tank. The
system would have to go from the inner fuel tank all the way to the outside of the fuselage. The optimal location for the
venting system is in the same compartment where the fuel tank is located. This way, the venting system stays isolated
from the passengers, including the crew members, keeping them safe in case of a leak in the fuel system. If both the inner
and outer tank would be compromised and gaseous hydrogen would end up outside of the outer tank inside the isolated
compartment the fuel tank sits in, the whole compartment would have to be vented. The compartments the fuel tanks sit
in are isolated such that when leakage occurs, the hydrogen will not reach the passenger or any other person in the aircraft.
Since the density of gaseous hydrogen is only 7% of the density of air, a venting system would not be complex as the
hydrogen would leave the top of the fuselage when given an opening in the fuselage.69

13.2.4. Heating system
As mentioned in this section, the hydrogen that will be powering the engines is stored in a liquid form. However, the
hydrogen that is extracted from the tank will be in a gaseous form. This makes transporting the fuel much simpler as
the temperature constraints aren’t nearly as strict. However, because the natural boil-off rate of the tank is limited by the
insulation, a heating system is required to control the amount of fuel coming from the tank. The tank cannot simply be
designed for a boil-off equal to the consumption as the thrust settings are variable. And when the aircraft is not flying, the
hydrogen in the tank should not have to be vented. As hydrogen is not only expensive but also bad for the environment[41].
Inside the tank, a 10% margin is included for the boil-off gas to be extracted when the tank is full. At a nominal cruise,
the heating system has to output over 325 kW to vaporise the required 0.7 kg of LH2 every second. At full throttle, this
increases to 962 kW. This heat is obtained from bleeding air from the engine. Through a heat exchanger, the air heats up
the hydrogen, and after the bleed air is then cooled it will be used for pressurizing the cabin. This amount of power is less
than 2% of the energy generated by the engines and should therefore be very feasible.

13.2.5. Maintenance
Designing the outer engine to be made of CFRP means that it is not possible to be taken apart without damaging the outer
tank shell. Another way has to be found for the inspection and repair of the main tank. Since the fuel system has to include
a venting system, the entry of the inside of the tank for tools could be done via the valves of the venting system. This
can be done using tools for visual inspection and a small robot can be designed for the inspection and repair that can be
controlled from the outside of the tank.

69https://h2tools.org/hyarc/hydrogen-data/basic-hydrogen-properties
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13.2.6. Sloshing
Sloshing is themovement of a fluid inside amoving tank. Themotion of the liquid can impose forces on the structure which
can change the centre of gravity of the aircraft and can have a major impact on the control and safety of the aircraft. For
liquid hydrogen, sloshing presents additional problems. As sloshing takes place, the surface area of the liquid hydrogen
increases and accelerates the boil-off which poses potential hazards.70 Especially since the fuel tank is designed to be
quite long, it is important to account for this problem. Therefore, baffles are introduced into the fuel tank design. Baffles
dampen the effect of sloshing inside the tank. Baffles are structural elements inside the tank that have an additional mass
that makes the fuel tank heavier. For this reason, the sloshing elements have to be chosen to be as light as possible while
limiting the destructive effects.

13.2.7. Fuel dumping
In case of an emergency kerosene-powered aircraft can dump part of their fuel to be able to quickly land after a heavy
takeoff. The (CS 25.1001(b)) requirement states that an aircraft has to be capable of dumping the required amount of fuel
for a safe landing within fifteen minutes [18]. For WorldBus to be able to evaporate for example twenty-five per cent of
its fuel in the required fifteen minutes, a total heating power over 5.6MW is required. This is over an order of magnitude
more power than would be required from an engine during nominal operation. It is not realistic to be able to extract this
amount of power in case of an engine-out scenario. Therefore, WorldBus had to be designed to be capable of landing with
a full fuel tank.

Of course, a scenario in which dumping of fuel is absolutely required is still imaginable. Extraction from the tank in
gaseous form would be preferable. However as outlined before, it is not feasible to boil all the fuel in the tank in a rapid
fashion through the heating system. An alternative where the vacuum insulation layer is compromised by letting air flow
in the vacuum chamber, allowing a lot more energy to flow into the tank passively was imagined. The introduction of air
would however also mean that a lot of ice would form inside the vacuum chamber, ruining the MLI structure. Because this
would essentially mean a loss of the tank this was not deemed as a viable option. This only leaves the option of dumping
the hydrogen in liquid form. The main concern with this is the very sudden change in temperature in the structure. To
avoid contact between the aircraft skin and the liquid hydrogen it would have to be dumped at the rear of the aircraft. A
tubing system would have to be designed that can withstand the sudden change in temperature when dumping is initiated.
This is something where a lot more research has to be done, and testing has to be done to investigate the effects of dumping
liquid hydrogen into the atmosphere behind the aircraft.
This has to be a high priority in the strategy for developingWorldBus further as the inability to find a solution for dumping
fuel could mean that the WorldBus concept cannot be turned into a product with satisfactory safety levels.

13.3. Wing loading, wingbox and truss design
In this section, the truss, the wingbox and the engine pylons design processes will be explained. Furthermore, the optimi-
sation approach used to find the best truss location is also going to be explained.

70https://www.element.com/nucleus/2022/simulating-gust-induced-sloshing-in-the-fuel-tank-of-a-liquid-hydrogen-
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13.3.1. Assumptions
Table 13.5: The assumptions that regard Section 13.3

ID Assumption Effect Justification

AS.WB.GEOM.1
Thin-walled wingbox This reduces the moments

of inertia, and simplifies the
computations for stresses and
deflections

This is acceptable as reduc-
ing the moment of inertia, in-
creases internal stresses of the
structure, and thus it leads to
a slightly over designed wing-
box

AS.WB.GEOM.2
Constant wingbox thickness,
for all span positions

This simplifies computations,
but it increases wingbox
weight

Most of the loads are carried
by the starting portion of the
wing, and thus that section
needs a higher thickness than
the tip section. Assuming the
entire wing has the same thick-
ness as the initial section leads
to more over designing of the
wingbox

AS.TR.LOAD.1
Truss only carries tensile and
compressive forces

Computations are simplified.
Omission of shear forces and
moments that may be intro-
duced into the truss by the at-
tachment points can lead to an
under designed truss

The tensile and compressive
loads carried by the truss will
be multiple orders of magni-
tude higher. The wing root
can carry the gross of the
longitudinal shear and torsion.
The truss being over designed
for the tensile and compres-
sive forces, and the safety fac-
tor provide load contingency.

AS.TR.LOAD.2
The weight, drag, and lift of
the truss are negligible

simplified calculations, but an
under designed Iy for stand-
still compression due to the
truss weight, and under de-
signed for bending perfor-
mance due to weight, lift, and
drag effects and perturbations.

The load carried by the truss
is multiple orders of magni-
tude greater than the weight
of the truss. In addition, the
current safety factor and even-
tual design for buckling per-
formance provide sufficient
margin to safely transfer the
smaller bending moments.

AS.TR.LOAD.3
Lift over the span is constant The truss analysis can be per-

formed in a realistic time span.
The total lift stays the same,
but the root is exposed to a
smaller lift force and the tip
to a larger lift force than in
reality. This affects only the
load the truss takes. If the ac-
tual distributed load were to
be analysed for the truss, the
load on the truss would be
smaller

The assumption results in a
somewhat over designed truss.
This, in turn, overestimates
the wingbox load allevia-
tion. This is compensated
for with generous safety
margins and assumption
AS.WB.GEOM.2.

13.3.2. Optimisation approach
A truss-braced wing configuration allows for a higher wingspan and a higher aspect ratio for a wingbox design similar to
that of a non-braced wing. The truss is loaded in tension during flight and, thus, transfers lift loads to the fuselage. This
alleviates the wing from both shear and moment loads. Furthermore, the introduced compression in the wing by the angle
of the truss alleviates the bending tension of the lower wingbox skin and increases the criticality of upper wingbox skin
buckling.
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The truss-braced wing design can vary in the placement of the truss and the stiffness of the wingbox. The sizing of the truss
depends only on its experienced load, which, in turn, depends only on its placement. It is expected that one combination
of these should result in the lightest possible truss-braced wing configuration. To find this value, a strategy was devised
to examine every combination, to a reasonable resolution, of truss placement and wingbox thickness. It is expected that
part of these combinations will not hold up to the loads and fail instead, low thickness and short truss combinations, for
example. However, there will be a border at which a range of combinations will function. Of these combinations, some
trusses lay within the possible envelope as dictated by the undercarriage. Of those combinations, the lightest will be
selected. A visual representation of this can be seen in Figure 13.5.
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Figure 13.5: Visual representation of the truss placement optimisation principle.

13.3.3. Engine loads
To get a complete design of the wing it is important to know what forces the engine will put on the wing and where they
will be located. To get an answer to this question the structure that connects the engine to the wingbox has to be designed.
For this project, a simple truss structure was designed that connects the engine to the wing using three rods. On the engine
two mounting points were identified on the engine core. The first point is located aft of the fan, and the second is located
at the trailing edge of the engine core. These two points are connected to the front and aft spar of the wingbox with the
truss structure mentioned earlier. To make the truss structure a statically determinate system the rods are pin supported at
the spars and the engine. A drawing of the final design is shown in Figure 10.1

With the concept of the engine pylon set it is now a question of finding the optimal engine position to minimise the mass of
the structure. The lateral position has already been fixed in Section 10.3. Hence only the longitudinal and normal positions
need to be optimised. This is done by varying the position of the engine until the weight of the structure converges to a
minimum following the BFGS algorithm.

The forces that the engine puts on the wing were analysed for both full forward thrust and reverse thrust in 2.5 and -1 g
conditions. With such a wide range of load combinations manual computation is not efficient. Hence a Python program
was developed to optimise the engine position. It sizes the rods to withstand either yield when in tension or Euler buckling
when in compression.

For materials, high alloy steel, aluminium, titanium and CFRP were analysed. From the metal structures titanium was the
most lightweight structure. Offering an improvement of 19% over high alloy steel. CFRP is two-thirds lighter still. How-
ever, the high-temperature environment that the engines create means that CFRP cannot be applied. This in combination
with the better fatigue characteristics is why titanium was identified as the preferred material for the rods. The final results
from the pylon design are included in Table 13.6

Table 13.6: Final dimensions of engine pylons

Rod type Diameter [mm] Estimated cost [EUR]
rod 1 326 45800
rod 2 193 4700
rod 3 350 35600
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13.3.4. Wingbox sizing
In order to perform the aforementioned optimisation approach, it was necessary to estimate loads on the wing. Furthermore,
an internal stress analysis was performed to determine the minimumwing structure size and weight to support design loads
of the aircraft.

The design loads were obtained from the manoeuvre and gust loading diagrams provided in Section 12.4. From these
diagrams, it can be seen that the most extreme load factor that aircraft will experience is 2.588, nult = 2.588. This means
that the wing have to generate 2.588 times the MTOW in lift and not fail under such loads. A truss-braced aircraft’s wing
supports four main loads; the aerodynamic loads, the wing weight, the engine thrust and weight loads, and finally the truss
loads.

The aerodynamics are composed of two forces, the drag and the lift. To estimate the loads along the length of the wing,
the wing planform was divided into a grid of small areas. The lift and drag were then computed over each of the elemental
areas. The lift was computed from the pressure distribution data, obtained from XFLR5. Only the component of the
pressure distribution perpendicular to the airstreamwas considered to be the lift. Thus, after finding the pressure difference
between the upper and lower surface, each pressure coefficient was adjusted using the elemental area angle with respect
to the chordwise centre line of the airfoil and the angle of attack. This can be seen in Figure 13.6.

Figure 13.6: From pressure coefficient to lift, angle adjustment.

Cl = Cp · cos(θ) · cos(α) (13.8)

where Cp is the pressure coefficient, Cl is the lift coefficient, θ is the element angle and α is the angle of attack.

lift = Cl
1

2
ρV 2 ·Aelement (13.9)

where ρ is the air density at cruise altitude (9 [km]), V is the cruise velocity and Aelement is the surface area of the wing
element.

The drag was also computed for each elemental area; however, the pressure distribution was not used as the drag on a
wing is not just due to the pressure pushing back opposite to the travel direction, but also the friction of the air over the
entire fuselage wetted area. The friction component is a too difficult to compute for an elemental area at this stage of the
design, thus a constant total aircraft drag coefficient value of 0.02516 was obtained from the aerodynamics computations
by adding the zero lift drag coefficient from Subsection 9.5.1, and the induced drag coefficient from Subsection 9.5.2.

drag = Cd
1

2
ρV 2 ·Aelement (13.10)

where Cd is the drag coefficient.



13.3. Wing loading, wingbox and truss design 72

The weight of the wing is also a major player when computing the wing loads. Each elemental area was assigned a portion
of the total wing weight value computed by the class II iteration.

weight =
Aelement

Atot
·Wtot (13.11)

where Atot is the total surface area of the wing, andWtot is the total wing weight value.

The engine loads were determined using the procedure explained in Subsection 13.3.3. As for the obtention of the truss
loads, the procedure is explained in Subsection 13.3.5.

Once the loads were found for each elemental area on the wing, the data was compiled as a force distribution over equidis-
tant points along the span of the wing. This data was then arranged into the loading diagrams in Figure 13.7, Figure 13.8
and Figure 13.9; following the sign convention shown in Figure 13.1 where each axis and moment direction shown, are
considered to be the positive directions.

Figure 13.7: Force in the z-direction

Figure 13.8: Moment in the x-direction (wing bending) Figure 13.9: Moment in the y-direction (wing torsion)

Figure 13.10: Relevant wing loading diagrams

Using the internal loads from the loading diagrams, buckling, tensile and shear stress computations were done for 128
points along the skin of the wing-box at various positions along the span using Equation 13.12, Equation 13.13 and Equa-
tion 13.14; respectively. The crippling failure mode was not investigated as no stringers are used for the wingbox design at
this stage. The stresses were computed for both an aluminium and CFRP wing-box. CFRP was chosen as the final material
as explained in Section 14.1. The thickness of the wingbox was increased until all points along the wing box satisfied the
material’s shear, buckling and tensile strength properties. The weight of the wing-box could then be calculated, to compare
each truss position and wing-box thickness combination as explained in Subsection 13.3.2.

σcr = C
π2E

12 (1− v2)

(
t

b

)2

(13.12)
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where v is the Poisson’s ratio, b is the length of the element chordwise and C is a factor that depends on the clamping
conditions of the panel being analysed for buckling. In this case it is 4, assuming SSSS clamping, S meaning simply
supported. Furthermore, the ”E” is the elastic modulus, and t is the thickness of the wingbox.

σy =
(MxIzz −MzIxz) z + (MzIxx −MxIxz)x

IxxIzz − I2xz
(13.13)

whereMi are moments about the x or z axes, Iii are moments of inertia and Ixz is the product moment of inertia. x and
z are the distances, along the x and z axes, of the element from the centroid of the wingbox.

∆q = −VzIzz − VxIxz
IxxIzz − I2xz

[
n∑

r=1

Bry

]
− VxIxx − VzIxz

IxxIzz − I2xz

[
n∑

r=1

Brx

]
+

T

2Am
(13.14)

Where q is the shear flow, Vi are the shear forces along the various axes, Br are the approximated boom areas dispersed
across the wingbox circumference, T is the torsional moment and Am is the enclosed area of the wingbox cross-section.

τ =
qs0 +∆q

t
(13.15)

Where τ is the shear stress, ”t” being the wingbox thickness and qs0 is an extra shear flow constant that has to be added
to∆q, to essentially close the wingbox cross-section.

13.3.5. Truss sizing
Before the truss is evaluated structurally, its integration needs to be defined. As its main purpose is to alleviate lift loads
during flight and wing weight loads during standstill, longitudinal force components should be minimised. Therefore, the
truss will only be positioned orthogonally to the fuselage centre line, as can be seen in Subfigure 13.11a. This also ensures
that angle θ, which is the angle of the truss as seen in Subfigure 13.11b, is as upright as possible, to transfer vertical loads
with a high efficiency. Furthermore, the preferred location to integrate the truss and the fuselage is at the main landing gear
fairing. This reduces overall drag as it shortens the total fairings needed and limits the length of the truss being exposed
to airflow. Moreover, its further outboard attachment point keeps the truss more upright, which benefits its load-bearing
efficiency. Nonetheless, all truss placement options will be evaluated to see if the main landing gear limitation affects
overall wing weight.

(a)WorldBus as viewed from the top. (b)WorldBus as viewed from the front.

Figure 13.11: Two angles of the WorldBus design. Together, the orientation of the truss can clearly be made out.

The truss-braced wing structure has reaction forces in six degrees of freedom at the root of the cantilever-like wing, in
addition to a reaction force through the truss. This means that the structure has seven unknown reaction forces in three-
dimensional space. Therefore, the truss-braced wing is statically indeterminate to the first degree. The load on the truss
only depends on the location of its joint with the wing, and the wingbox and truss stiffness. When the truss load is found,
the other reaction forces can be found through three-dimensional static analysis.

With the use of theoretical knowledge from the book Mechanics of Materials by R.C. Hibbeler, it was determined that
the method of superposition would be the most appropriate approach for the statically indeterminate truss-braced wing
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structure [42]. This method of superposition was applied to find the reaction forces acting on the structure. Initially, a
program performing a finite element method (FEM) analysis was initially constructed to calculate the reaction forces to a
high accuracy. However, the limited time frame of this design stage hindered the fine-tuning and verification of the model.
Instead, a simplified and existing analytical model was used from a feasibility study on the simplified structural analysis
of truss-braced wings C.L. Dym and H.E. Williams [43]. The conclusion of their research was that truss buckling, truss
drag, and truss weight should be taken into account in the truss sizing for a more realistic result, but that their simplified
model gives a reasonable insight into what actual performance of a truss-braced wing will be.

To adapt the simplified model to the WorldBus concept, the assumption that lift and drag are a constant-distributed load
over the entire wingspan had to be made. This is the assumption with the most significant impact. The actual lift and drag
loads are highest at the wing root and decrease linearly towards a minimum at the tip. The assumption of constant wing
loading overestimates the (truss-less) deflection of the wing at the joint. As a result, the stiffness of the truss is designed
to compensate more deformation than will realistically occur. In this sense, the truss is over designed and will be adjusted
accordingly in a later design stage. This will result in a slightly lower wing alleviation, causing the current wingbox to be
under designed. However, because of assumption AS.WB.GEOM.2 made in the wingbox design and the included safety
factor, the wing weight is not expected to exceed its current budget in a later design stage. Conversations with structures
expert Calvin Rans confirmed the applicability of the approach and the reasonability of the constant load assumption 71.

The simplified analytical equations to find the load in the truss by C. Dym and H. Williams span Equation 13.16, until
Equation 13.21 [43]. A visual representation of the studied load case from the case-study is shown in Figure 13.12.

Ft sin θ =
−ktw(Ls) sin 2θ

1 + (kt/kbe) cos 2θ
(13.16)

Figure 13.12: A schematic representation of the truss-braced wing being modelled as a supported cantilever beam. Material and section properties are
indicated. The schematic includes a constant distributed load, q0 [43].

In Equation 13.16, Ft is the force exerted on the truss, θ is defined as the angle between the truss and the horizontal.
Furthermore, kt is defined as Equation 13.17, where Et, At, and Lt are the Young’s modulus of the truss material, the
cross-sectional area of the truss, and the length of the truss, respectively. In similar fashion, kbe is defined as Equation 13.18,
where E, A, and Ls are the Young’s modulus of the wingbox material, the cross-sectional area of the wingbox, and the
lateral distance of the truss-wing joint along the span, respectively. Lastly, w(L) is defined as Equation 13.19, with q0 is
the constant-distributed load.

kt =
EtAt

Lt
(13.17) kbe =

EA

Ls
(13.18)

w(Ls) =
q0L

4

24EI

α2(α2 − 4α+ 6)

[1 + keffL3
s/3EI]

(13.19)

In Equation 13.19, α is defined as Equation 13.20 and keff is defined as Equation 13.21.

α =
Ls

L
(13.20) keff =

kt sin 2θ
1 + (kt/kbe) cos 2θ

(13.21)

71Communication with C. Rans, dd. June 7, 9, 2023
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As can be seen from Equation 13.16 up to Equation 13.21, the force in the truss is varied by altering its placement (angle
θ and distance Ls), the stiffness of the truss and wingbox (EtAt, EI and EA, respectively). This confirms that the
optimisation approach as explained in Subsection 13.3.2 is appropriate.

The calculation containsA as an input value that should be a product of the load exerted on the truss. Therefore, the entire
calculation is iterated until it converges to a stable A.

In the final step, the truss itself is designed according to its expected load. Its weight can be calculated using the selected
material and its calculated sizes. The ultimate load cases are examined for the truss performance (n=2.5 in flight and stand-
still). These lead to a tensile stress and a compressive stress. To ensure a sufficient buckling performance, an estimation
is done to spread the cross-sectional area over a hollow cylinder shape for an increased moment of inertia. To find this,
the necessary moment of inertia (Iy) is determined using the equation for critical buckling stress (Pcr) Equation 13.22.
To find the outer diameter (D), Equation 13.23 is used, which is derived from the equation for the cross-sectional area
(A) Equation 13.24 and the equation for the moment of inertia (Iy) Equation 13.25 [44].72 It is found that the diameter of
this cylinder would approach 75 cm. However, this simplified design does not yet contain stiffeners. It is estimated that
the use of stiffeners can decrease the needed cylinder diameter significantly, although this requires further research. The
resulting effect in weight and drag have no impact on the current estimation, as they are assumed to be negligible at this
stage.

Pcr =
π2EIy
L2

(13.22)

In Equation 13.22, E and L are the Young’s modulus and truss length, respectively.

D =

√√√√( 4

√
64Iy
π

+ 16
A

π

)
1

8
√
A/π

(13.23)

In Equation 13.24 and Equation 13.25, d is the inner diameter of the hollow cylinder.

A = π(
D2

4
− d2

4
) (13.24) Iy = (

D4 − d4)π

64
(13.25)

13.3.6. Results
After weight optimising the truss and wingbox weight and truss position, the results can be seen in Table 13.7.

Table 13.7: Description of the wing results

Wing Support Type Truss Length [m] Weight of system [kg] Wingbox thickness [mm] Truss position
from nose [m]

Truss-braced 17 42561 26 36
None - 43886 27 -

The numbers presented above are the optimal numbers for a range of truss positions, ranging from the outside of the engine,
to the tip of the wing. The final longitudinal position of the truss is 36.5m from the nose. This means the truss can connect
to the fuselage using the main landing gear’s cowling; positioned at 34.8m from the nose. This will increase a bit the
length of the landing gear cowling but, it ensures additional unnecessary drag is not added by attaching the truss to the
fuselage with its own cowling. This would add drag, reduce efficiency and increase weight of the design, which is never
desirable.

Furthermore, similar computations were performed but without the truss (assuming the truss forces are zero). The weight
of the wing was then calculated, and it turned out to be only 3% heavier than when the truss is included. This is not what
was expected, as the entire purpose of the truss, is to alleviate loads and allow for the wing to be a lot of lighter, without
adding too much drag. In this case, the weights are so similar, that including the truss in the design could be a net negative
to the overall aircrafts performance.

This similarity between the truss-less wing weight and the truss-braced wing weight, can be explained with two theories.
Firstly, the support loads applied on the wing by the truss are very high in magnitude. This leads to higher maximal
internal loads (than if the truss was omitted) along the wing. As the wing is designed with constant thickness, the required

72https://www.structuralbasics.com/moment-of-inertia-formulas/#4-moment-of-inertiahollow-circular-tube-section-formula
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thickness to support these high maximal loads, is relatively big. Following the assumption of constant thickness along the
wingbox (done for simplicity), the wingbox is now extremely over designed.

Optimising the thickness of the wingbox to precisely support the loads of each section (and not max loads of the entire
wing), would reduce this weight significantly. Ideally, the wing and truss weight would then be lower than the wing weight
without the truss. This shall be analysed further, when the wingbox and truss structures have been designed in more detail.
The pros and cons of using a truss-braced wing will then be much clearer.

To better this analysis, and increase the accuracy of the weight calculations, stringers and different carbon fibre orientation
configurations should be considered. Currently, the wingbox assumes a 60% tape laying with fibres at 45 ° and 40% tape
laying with fibres at 0 ° (from the chord to tip direction). This however, is not optimised to support shear and tension
simultaneously. Thus, the orientation of the fibres could be revisited to optimally transfer the wing loads, through the
wingbox. Furthermore, the weight of the wingbox could be optimised, by including stringers and variable thickness along
the span, to reduce weight and tailor more accurately for loads at various span positions. It is expected that the wing weight
should decrease to a value in the ballpark of 25 000 kg after being fully optimised.

Lastly, it is recommended to perform further analysis of the complex loading of the truss. Aside from the main compressive
and tensile components, a physical truss will experience minor shear forces and bending moments through its joints. In
addition, the truss weight and its aerodynamic forces will exert additional load on the truss. In addition, the truss needs to
be analysed with various stiffener designs for its crippling stress. These contributions can increase the weight of the truss,
but the essential stiffeners will likely decrease the size of the truss, which decreases aerodynamic forces. Furthermore,
examining the statically indeterminate structure with the true varying distributed load instead of a simplified constant
distributed load will concentrate the lift forces closer to the clamped root of the wing. This takes away part of the load
carried by the truss, which will decrease its required size and weight.

13.4. Verification and validation
In order to verify the numerical models used to perform the preliminary design of the WorldBus structures, a number of
unit tests and system tests are performed. These tests are explained in Subsection 13.4.1. An overview of these tests can
be found in Table 13.8. Furthermore, plans and strategies are devised for the validation of the WorldBus structural designs.
These plans and strategies are included in Subsection 13.4.2

13.4.1. Verification of numerical analysis
As the analysis of the structures has been performed numerically through programming, the viability needs to be investi-
gated. This is done through unit tests (UT) and system tests (ST). The verification and validation of the code is explained
in this section.

Fuselage program
The fuselage program was verified by manually calculating the required stiffening area and comparing these values to the
output by the python program (ST.FUS.1). Manually, a stiffening area value of 2652 cm2 was obtained, yielding an error
of approximately 0.56%, a rounding error.

The program was verified through a unit test (UT.FUS.1). Initially, results were obtained that returned a stiffening far too
large due to the fact that the units between the parameters were inconsistent. After adjustments, a more realistic value was
obtained which met the expectations.

Finally, the program was optimised by changing the number of stringers such that a representative stringer area was
obtained (ST.FUS.2). For the chosen material, a stiffening area was obtained. Using a conventional number of stringers,
a far too large stringer cross-sectional area was obtained. To obtain a more realistic result, the number of stringers was
increased which yielded a stringer cross-sectional area closer to reality.

Validation for the fuselage program is performed by comparing the results found in literature (ST.FUS.3). According to a
MIT study, the fuselage weight is approximately 23% of OEW [45]. For WorldBus, the weight fraction is approximately
15%. This difference can be explained based on the detail. The study is based on reference aircraft, which have been fully
designed. The WorldBus fuselage weight is currently based on skin, stringers, and frames only. Other structural elements
such as the bulkheads and longerons have not been analysed. These elements would increase the structural weight of the
fuselage, for which it would approach a 23% weight fraction.

Tank program
It is essential to make sure the tank design is correctly verified and validated as it makes up a significant part of the mass
of the aircraft. The tank design for the main tank is split up in the calculation of the inner tank, the insulation layer and
the outer tank. The tank design for the secondary tank is split up into the calculation of the inner tank and the insulation
layer. A unit test is applied for each of these elements in the fuel tank design.
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For each step in the verification, the results are compared to other fuel tanks (ST.TANK.1). The concept of the design
is based on existing liquid hydrogen tanks. The calculated thickness of the inner tank can be compared to other pressure
vessels, the outer tank can be compared to other external pressure vessels and the insulation layer can also be compared
to the insulation of existing liquid hydrogen tanks.

For the main tank, the calculated thickness of the inner tank of 1.36mm can be compared to the 1.3mm thickness for
existing liquid hydrogen tanks. 73
For the secondary tank, the calculated thickness of 0.53mm is considerably lower, this can be explained since the amount
of fuel is also significantly lower and a spherical tank is less sensitive to buckling than a cylindrical tank. The thickness of
the outer tank of 6.35mm can not be compared, since no reference material is available for carbon fibre vacuum chambers.
However, the ratio of the Young’smoduli between the high alloy steel design and the CPRP has been taken and is multiplied
by the thickness of the high alloy steel design to result in the CFRP thickness. This means that the design is over-designed
for the buckling the outer tank is designed to resist because buckling is influenced more by the geometry of a design rather
than Young’s modulus.

The insulation layers for the primary tank are based on existing designs, which therefore do not have to be validated as
they are commonly used in liquid hydrogen storage. The secondary tank is insulated with 26 cm thick polyurethane foam
for which no reference can be found. However, when the calculation is applied to a situation in which a reference does
exist (ST.TANK.1). Then, the calculated thickness becomes 2.0 cm for the polyurethane foam compared to the 2.5 cm
thickness for the reference tank, which can be explained by the fact that the situation of the reference tank is of a liquid
hydrogen tank designed for space vehicles [38]. This means that a difference in thickness is only logical as the situation
of the reference tank is different.

Wingbox and truss program
A number of steps were taken to verify the correct functioning of the Python programs responsible for the calculations and
optimisation of the weight of the wingbox and truss configuration. One part of the program runs iterations, and calculates
the truss force and truss size for each one. Another part of the program is used to calculate the loads exerted on the wingbox
for each iteration and find the criticality.

Both parts calculate the reaction forces and moments at the wing root in different ways. These results were compared
(ST.WBTR.1) to verify our forces and moments were consistent throughout the analysis. The difference between the ”x”,
”y” and ”z” reaction forces were all within 2% of one another. The reaction moments did however differ significantly.
A thorough analysis was performed to locate the issue. In the end, a number of minor bugs related to the signs of loads
implemented in stress equations (for the wingbox program) were fixed. This unfortunately did not fix the disparity between
the two computing methods. A slight difference is expected as the truss program assumes a constant lift load, but the
current disparity is higher than expected; an error 10% to 20% is expected. Further analysis of the cause of this disparity
is required.

Furthermore, for both parts of the program, every numerical input is checked for correctness and consistency (UT.WBTR.1,
and each equation is checked to see if implemented correctly (UT.WBTR.2). No further issues arose from this test. A
follow-up test is performed, in which every input is varied one by one to see if the end result is influenced. Once again,
each input passed the test as the end result was consistently changed reasonably (UT.WBTR.3).

Thirdly, manual calculations are performed independently of the program to compare values to the output of a single
iteration (UT.WBTR.4). All manual calculations match the outputs of the program, so this test is passed.

The code used in the truss optimisation part of the program can be verified using known in- and outputs from the research
that originated the method by Dym and Williams [43] (ST.WBTR.1). The limited inputs used result in comparable sizing
and geometry outcomes. Minor fine-tuning is performed to achieve greater alignment.

In addition, the outcome of the program can be compared to existing truss-braced wing specifications as a sanity check
(ST.WBTR.3). As most research and development regarding truss-braced wing up to this point consists of conceptual
design and theoretical research, the analytical results of aNASA research on the aero-structural performance of a composite
transonic truss-braced wing byAnderson et al. is used for comparison with the program [46]. It was found that the wingbox
and truss sizing for WorldBus are in the same order of magnitude as the results by the NASA paper. Moreover, it is also
clear that the assumptions leading to an over designed result have their effect, as WorldBus thicknesses exceed those of
the NASA research.

Lastly, a general sanity check is performed for all calculated forces, loads, output results, and their signs. The reaction
forces are in the millions of Newtons, the reaction moments in the tens of millions of Newton-meters, and the loads
add up to the required lift forces millions of newtons for reaction forces. Furthermore, the wingbox thickness varies in

73https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored#:~:text=These%20tanks%20are%20a%
20genuine,more%20than%201.3%20mm%20thick.
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the centimetre range, and the truss cross-sectional area is in the tens of centimetres. All of these values make sense, so
ST.WBTR.4 is passed.

Table 13.8: Overview of the unit tests (UT) and system tests (ST) performed on the structural calculations of WorldBus.

ID Test description Status
UT.FUS.1 Perform Python unit test (unittest) PASSED
ST.FUS.1 Compare results with manual calculations PASSED
ST.FUS.2 Manually test stringer number PASSED
ST.FUS.3 Compare results with existing values PASSED
UT.TANK.1 Compare results with existing values PASSED
ST.TANK.1 Compare result with reference PASSED
UT.WBTR.1 Check if inputs are correct PASSED
UT.WBTR.2 Check if equations are correct PASSED
UT.WBTR.3 Perform sensitivity analysis of inputs PASSED
UT.WBTR.4 Compare results with manual calculations PASSED
ST.WBTR.1 Compare reaction forces from two different program parts PASSED
ST.WBTR.2 Run the code with known in- and outputs PASSED
ST.WBTR.3 Compare results with existing values PASSED
ST.WBTR.4 Perform general sanity check for signs, sizes, and magnitudes PASSED

13.4.2. Plan for verification and validation of produced structures
Once the structures are being produced, they also need be subjected to verification and validation analyses. Such analyses
confirm whether the parts meet the design expectation and industry standards.

Fuselage structure
Verification of the fuselage structure could be performed using a finite element analysis (FEA). Using FEA, a fast and
accurate load representation of the fuselage loads and stress concentration points can be obtained. It is a very effective
verification method as no physical structure have t be produced and particular load cases and conditions are able to be
simulated. This will generate a more refined result.

The aircraft structure could be validated through pressure testing the fuselage to see whether the skin and structure can
withstand the stresses of extreme pressurisation. This is performed by experiencing the aircraft to the differential pressure
that surpasses the maximum load case such that the limits of the skin are observed. This ensures that the requirements are
met and that the aircraft can be operated in load cases that are greater than the maximum load case.

The WorldBus stringers could be validated using a static load test. With a static load test, it could be validated whether
the stringers are able to provide strength against the high loads they experience. It gives an indication whether the design
is ready for service or that adjustments need to be made such that catastrophes are averted.

Tank structure
The tank structure design must not underperform at any moment during operation. To validate it, various tests can be
performed. First of all, the tank structure can be analysed using a FEM program to identify any unnoticed flaws in the
design before a prototype is constructed.

After that, an inner tank prototype should be pressurised up to its failure pressure, to see whether it exceeds the ultimate
design pressure difference. Furthermore, an outer tank prototype should be tested with an interior vacuum in a pressure
chamber to test its maximum pressure capability.

Secondly, the tanks should be tested for emergency scenarios, such as impact resistance, crush resistance, or penetration
by foreign objects. This can be analysed by performing drop tests, press tests, and shooting shards and sharp objects at
the tanks.

Lastly, the tank insulation performance should be tested. This can be performed by measuring the boil-off and temperature
of a LH2-filled tank situated in a controlled temperature environment for a prolonged time.

Wingbox and truss structure
To validate the truss-braced wing design, a number of steps should be taken. Firstly, the entire truss-braced wing assembly
should be thoroughly analysed in an FEMmodel. This gives amore reliable result than the simplified numerical approaches
used in Section 13.3. Furthermore, it can indicate specific unforeseen failure points before a full-scale prototype needs to
be constructed.
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Secondly, a full-scale prototype should be tested in a flexing rig up to failure. This will validate whether the wing reaches
its designed ultimate load before failure. A similar flexing rig can be used to repetitively exert load on the wing for a
prolonged time. This tests for wing fatigue. Inspection should be performed on the wing to locate damage in materials
and the ultimate load should be tested after the number of expected loadings too.

Lastly, the truss itself can be tested separately from the wing. It is important to find its maximum load case in tension,
which can be found using a large-scale axial tensile stress machine. Furthermore, its buckling needs to be investigated
using a large-scale biaxial press where aerodynamic perturbations are also simulated.

13.5. Conclusion and recommendations
Themajority of the fuselage structure has been designed, namely the aircraft skin, the stringers, and formers. These provide
appropriate representation of the weight of the structural elements. Using the dimensions found previously, a volumetric
representation is obtained which gives way to the required volume of the material. Once the material is selected, the
structural mass is obtained which can be used to optimise the weight of the aircraft and size other subsystems such as the
wing.

Two tanks have been designed, the main tank and a secondary ’buffer’ tank. The primary, or main, tank results to be a high
alloy steel inner tank to hold the liquid hydrogen. As insulation layer, MLI is placed on the outside of the inner tank along
with a vacuum layer. The outer tank is designed to isolated the inner tank from the environment and keep the vacuum
layer airtight. Due to weight reasons, the outer tank was designed to be as light as possible and is therefore made out of
CFRP. The secondary tank is made from high alloy steel with polyurethane foam as insulation layer. Other components
of the fuel system have also been taken into consideration like the venting system, heating system, maintenance, sloshing
and fuel dumping.

Further analysis of the structures of WorldBus is recommended of which the focus points are listed below:

• More accurate analysis which includes other structural parts as well.
• Structural optimisation such that more weight is saved and areas requiring more reinforcement strengthened.
• Investigation in the effects of cut-outs for the doors and hatches necessary in the structure.
• More accurate load analysis such that the loads represent reality.
• Further investigation and testing of tank design using CFRP, since assumptions are used that could have a big
influence on the design.

• Further investigation into possible materials for the insulation of the fuel tanks.
• Further analysis of the dumping system.



14
Materials & manufacturing

In this chapter, the production of aircraft components and integration of the assemblies and sub-assemblies for the whole
aircraft is treated. A materials selection is performed in Section 14.1 for the fuselage and wing. Section 14.2 discusses
the production plan that visualises an ordered timeline in which the aircraft is divided into assemblies and sub-assemblies
that are manufactured and combined into the final aircraft. Manufacturing methods that could be used for materials and
their specific components are described in Section 14.3.

14.1. Suitable materials
As explained in the baseline report [2], there are four main material categories used on aircraft: ceramics, metals, com-
posites and polymers. Ceramics can handle extreme temperatures but lack the flexibility needed to be part of a wingbox
structure where deflection of several meters may occur. Polymers are lightweight and flexible but do not provide the
strength to carry the loads the wing supports during flight. Metals are flexible, and they can be cheap (aluminium) and/or
very strong (titanium). All metals offer homogeneous strength properties, which is beneficial for designing a wingbox as
various loads are applied in various directions throughout the flight. Composites on the other hand are very lightweight
and extremely strong in the fibre direction.

For the structures, there is a variety of suitable materials. To optimise the selection procedure, reference aircraft have been
researched, and the materials used for these will be considered.

14.1.1. Fuselage materials
For the fuselage structure, only a few materials have been considered. These are carbon fibre-reinforced polymer (CFRP),
aluminium alloy AL2024-T3, and glass-reinforced laminate (GLARE). These materials have been selected as they are
most commonly used in operating aircraft.

The selection process for the most suitable material depends on the following factors: weight, sustainability and cost. After
progressing, the weight factor is the most important consideration due to the aircraft being quite heavy. This is followed
by sustainability, due to the importance of the requirements established earlier in Section 5.2. Next is cost as the price of
the material and accompanying tooling and machining costs influence the budget.

From analysis, CFRP returned as the best material choice for the fuselage and the stiffening elements. Of all the con-
sidered materials, it has the lowest density and simultaneously has better performance. Due to the reduced weight, fuel
consumption is lowered, reducing the NOx emissions, as well as improving aerodynamic efficiency. 74 Also, in assembly,
it is a suitable material as additional tooling of the stringers and skin panels is reduced significantly, reducing the labour
costs and additional material costs for fastening. Furthermore, composites do not experience metal fatigue, which reduces
the repair requirements.

The downside is that the process of producing CFRP structures is very energy-intensive due to curing in autoclaves. Also,
recycling is hard as tough polymers need to be burned off or chemically dissolved 75. However, improvements in carbon
fibre recycling are made, reducing the amount of CFRP that is sent to landfills at its end-of-life. Finally, identifying internal
structural damage is harder as the material breaks less easily.

As weight is the most important factor, CFRP is the best choice. Comparatively, Al2024-T3 and GLARE would return
a heavier structure, which would make the design unachievable. Improvements in regard to sustainability, caused by the
use of CFRP, are required. One of the sustainability requirements is that 60% of the aircraft must be recyclable. As of
now, this is hard to achieve. However, processes are being developed and improved, making the future look bright. CFRP

74https://simpleflying.com/aviation-waste-carbon-fibre-fate/
75https://simpleflying.com/aviation-waste-carbon-fibre-fate/
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is the most expensive material in comparison but still offers investment return over the service period due to the reduced
fuel, production, and maintenance costs.

14.1.2. Wing materials
For the wingbox and truss design, two materials were chosen, Al2024-T3 and standard unidirectional CFRP. Both have the
material properties to support the applied loads on the wing, however, CFRP came out on top due to its very low density
and extremely high performance when handling tension loads. This gives massive benefits in weight reduction (about 7
times lighter), but it is more expensive. Another drawback of CFRP that was considered, is the difficulty to recycle it with
today’s technology. Still, it is believed that the techniques like pyrolysis for the recyclability of CFRP will have improved
by the time WorldBus enters production 76. More detail on the sustainability of CFRP is discussed in Chapter 15.

14.2. Production plan
The production plan provides a guide for the manufacturing and assembly of WorldBus from its different components.
The aircraft consists of various components, which are further divided into sub-components also known as assemblies and
sub-assemblies.

Different reasons exist for dividing the manufacturing and assembly process of aircraft into different sections. For example,
production efficiency is increased as this accommodates working on multiple smaller parts simultaneously. Besides this,
the accessibility of the aircraft is increased. Lastly, producing parts made from different materials separately before joining
them together reduces the complexity of manufacturing compared to combining composites and metals in the same part.

The assembly can then be divided into two different divisions, mounting and manufacturing/production divisions. Mount-
ing divisions are where a temporary joint is placed ensuring a part is replaceable. This is advantageous as some parts need
to be replaced more often than others and by using this not the whole assembly has to be replaced when a sub-assembly
fails. Manufacturing or production divisions are divisions where a permanent connection is made. This is done when parts
are not expected to be disassembled. The advantages of permanent joints are that the part will become lighter than with
removable joints and that they are simpler and cheaper joints [47].

In Figure 14.1 one can see the production plan visualised as a flow diagram. First, the manufacturing stages can be
seen for the different stations in the manufacturing line where the needed materials or parts are ordered and used for the
manufacturing of the sub-assemblies. The sub-assemblies are then combined to produce the main assemblies, which are
later verified by means of testing. The assemblies are then shipped and, if needed, stored before assembly. The assemblies
are then moved to the assembly line and are joined into the final aircraft. The aircraft will then also be tested and verified.

As it is required to produce a total of 300 aircraft over a period of 20 years, 15 aircraft need to be produced each year. In
other words, every four months, five WorldBus aircraft need to make their way through the assembly line. The assembly
line shows how the aircraft is to be assembled step by step. For example: first, the fuselage sections are joined together
while the fuel tanks are integrated into the aircraft, after this, the plumbing and wiring are set. After the fuselage is assem-
bled along with the plumbing and wiring, the wing is attached to the fuselage. The empennage is then attached. Following
the assembly line, as described, results in all assemblies being integrated into the final product, while testing of the aircraft
is also included in the assembly line. It is estimated that once all parts are produced WorldBus can be assembled in six
weeks. This is a conservative estimation as it takes a Boeing 737 about 9 days to finish its assembly line loop. As a result,
at least two aircraft need to be worked on in the main assembly line at the same time. However, this is common in aircraft
production so it should not provide any issues. Finally, from Figure 14.1 it is clear that the sub-assemblies will be produced
in parallel, but it is difficult to find estimates on how long it will take to produce the required sub-assemblies. However,
regardless of how long this production takes exactly, a similar approach can be taken for the main assembly line, creating
multiple sub-assemblies at the same time. For example, if it takes 2 months to produce the main wing, 4 wings will need
to be worked on in parallel at different stages of completion. By doing this, 2 main wings are completed per month.

76https://www- asme- org.tudelft.idm.oclc.org/topics- resources/content/unlocking- composite- carbon- fibers- for-
recycling
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Figure 14.1: Production plan.
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14.3. Manufacturing
After making the production plan, the manufacturing methods have to be decided upon. To make clear what different types
of methods are conventionally used in the manufacturing of aircraft, the methods are stated and explained after which the
most suitable methods can be chosen for the aircraft components.

14.3.1. Manufacturing methods
When considering manufacturing methods for the different components of the aircraft, it is important to account for factors
that influence this decision. Some key considerations to ensure reliability, high-quality and cost-effective parts are:

• Design requirements: The manufacturing method should take into account factors such as geometry, tolerances and
performance characteristics.

• Volume: The production volume plays its role in the selection of manufacturing method where a high production
volume requires processes that keep consistent quality, that are fast and that can be automated.

• Material selection: Some manufacturing methods apply to only a limited type of material. The manufacturing
method should then be compatible with the material.

• Cost: Costs for equipment, labour, tooling and materials should be evaluated and kept at a minimum where possible.
• Sustainability: Sustainability should be taken into account to limit the environmental impact of the manufacturing
process.

Different manufacturing methods to choose from can be categorised as machining, liquid phase processing, forming, pro-
cesses for thermoplastics and thermosets and additive manufacturing. The methods are described and discussed according
to information obtained from the ’Production of Aerospace Systems’ course (AE3211-II), by Jos Sinke [47].

Machining is mainly used for metals as it is the process of removing material to shape the desired part which is harder
for other materials as they chip less well. Machining is also an accurate method that can easily be automated with a fast
production time. The cost of machining lies in the equipment, which is very costly since the tools wear down over time.
The material waste of machining is also very high.

Liquid-phase processing is liquefying a specific material such as metals or polymers, pouring or forcing it into a mould
and letting it solidify. Casting can also be automated with large batch sizes. The parts do, however, still need to be treated
after the casting. The process of casting is quite complex and, therefore, takes longer to finish. The equipment cost with
the use of reusable moulds for casting is also pretty high. The liquid-phase processing of polymers can be performed using
injection moulding, the product size is limited and very costly. On the other hand, the method is very accurate and the
amount of waste is small.

Forming is essentially asserting force onto a material until it is in the desired shape. This includes metal sheet forming,
bending, stretch forming and bulk forming. Sheet forming generally has a long cycle time and the soft tool, when doing
rubber forming, wears out over time. The same goes for bending and stretch forming. Rubber forming can be used for
large batch sizes, from 100 to 2 500 parts, but then again has a long process time. Deep drawing has larger product series
in the range of 10 000-100 000 parts. These methods are, however, cost-effective. On the contrary, bulk-forming has
relatively high costs. The series length is in the order of 10 000-50 000 parts and produces high-strength parts.

Processes for thermoplastics and thermosets include different methods to produce fibre-reinforced parts. Some methods
considering the forming of fibre reinforces thermosets are lay-up, resin transfer moulding or autoclaving. Material costs
for these processes are generally high as fibres are very expensive. Other aspects of costs are generally relatively low to
moderate. Methods considering press forming of reinforced thermoplastics are not really suited for fibres. In the case of
long fibres, the deformation is based on intra- and inter-ply shear mechanisms. The costs are comparable to metal forming
and are significantly lower than that of other composites with thermosets. Processes for thermoplastics and thermosets
generally take a long time. Product series are therefore generally short, however, the products are of very good quality
and low weight.

Additive manufacturing, also referred to as 3D printing, has a high variety of applications like the conventional way where
the material is extruded in a semi-liquid state and layers are printed. Other methods using lasers also exist. The different
methods have very different characteristics. Some have weak mechanical properties and low accuracy but are fast and
inexpensive, other methods are expensive and slow but are of high quality.

Considering the chosen materials discussed in Section 14.1, the applicable manufacturing methods can be discussed for
the aircraft components.
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14.3.2. Wing and fuselage
Since the fuselage and wing are made from CFRP the choice of manufacturing methods is pretty limited. The manufactur-
ing method for the wing has been decided to be resin transfer moulding. This is based on the manufacturing method used
for wind turbine blades. For which the geometric properties come close to those of an airfoil and have a larger span than
the wing itself, so size should not be a problem.77 For the fuselage, a method of lay-up is used, which is filament winding.
Filament winding is where a very long continuous fibre is pulled through a resin and is wound around the fuselage. The
fuselage is the rotating element while the other component moves longitudinally with respect to the aircraft. This is done
in sections, which are later riveted together. Note that, as earlier mentioned, these methods of manufacturing make use of
carbon fibres reinforced thermosets, not thermoplastics.

14.3.3. Truss
The truss in the truss-braced wing configuration carries the loads the wing can not carry itself because of the increased
span of the wing in addition to the thinner and lighter wingbox. The truss is then primarily loaded in tension and a bit
of compression. The truss has been decided to be a cylinder with an as small as possible cross-section such that the drag
created by the truss is minimised. Around the truss, an airfoil is placed to create additional lift and minimise drag. The
manufacturing of the truss is therefore not complex. Essentially, the truss is a reinforced conventional airfoil with the use
of a cylinder for the reinforcement. Hence, the manufacturing of the truss will not be very different from that of an airfoil,
only the internal structure will be slightly different because of the load-carrying cylinder. Therefore, the airfoil iah s made
using the same method as the wing. The cylindrical reinforcement is made in sections using filament winding as it is a
simple hollow tube with stiffeners that are later attached.

14.3.4. Fuel tanks
The fuel tanks are designed in Section 13.2. The main tank exists of a stainless steel inner tank, MLI, and a carbon fibre
outer tank. The secondary fuel tank exists of a stainless steel tank and a polyurethane foam insulation layer. For the main
tank, sections of the fuel tank tube can be manufactured using sheets of stainless steel that are formed using sheet forming
and welded together. The sections can then again be welded together. The fuel tank heads can also be formed using sheet
forming, which again have to be welded to the straight portion of the fuel tank. The secondary tank can also be formed
using sheet forming, two half spheres are formed that are later joined using welding. Sheet forming can be performed for
the fuel tanks as the thickness of the tanks is 1.5mm at most for the main tank and 1mm for the secondary tank, which
should not pose any problems. The MLI can be joined to the inner tank using tape or velcro. The carbon fibre outer tank
is made using the same method as the fuselage. Which means filament winding is used. The set-up for the carbon fibre
outer tank and the fuselage is essentially also the same. For the secondary tank, the polyurethane foam can be sprayed on
the stainless steel component of the secondary tank.

14.4. Conclusion and recommendations
In this chapter, materials were chosen after careful consideration, for the fuselage and wing structure. These materials
resulted to be CFRP for both structures. After the materials were chosen, manufacturing methods were considered and
specific manufacturing methods were decided upon that are applicable to the chosen material and structure. These methods
resulted to be resin transfer moulding for the wing and the skin of the truss. Filament winding was used for the fuselage, the
outer CFRP tank and the reinforcement of the truss. Note that, methods of manufacturing components using CFRP make
use of carbon fibres reinforced thermosets, not thermoplastics. The inner tank of the main fuel tank and the secondary tank
are both manufactured using metal sheet forming. The production plan is also treated in which a timeline is given where
an ordered outline is given of all activities required to construct the aircraft from its individual components.

77https://www.ge.com/renewableenergy/stories/lm-castellon-wind-turbine-blade-manufacturing
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15
Sustainability analysis

In this chapter, the sustainability of WorldBus will be reviewed using the framework provided in the sustainable devel-
opment strategy in Chapter 5. Since the driving factor behind the development of WorldBus is the need for a sustainable
way of travelling long distances, it is essential to analyse whether these goals have actually been reached. When assessing
emissions during flight, a molecule’s Global Warming Potential (GWP) is often used. This value showcases the warming
effect a molecule has on the environment by relating the warming effect of that molecule to the equivalent amount of
CO2 required for the same warming effect. This considers both the type of molecule and how long the molecule stays in
the atmosphere. The chapter is structured by evaluating the sustainability characteristics as established in Chapter 5 and
verifying that they meet the corresponding requirement. First, production and manufacturing will be discussed, which
will include emissions, waste generation and recyclability. Then, the service life will be considered. This is followed by
the emissions corresponding to operations, including the emissions during fuel production. Lastly, an investigation of the
aircraft’s noise emissions will be performed.

15.1. Production & manufacturing
When considering production and manufacturing, the material used plays a significant role. In most parts of the aircraft,
Carbon Fibre Reinforced Polymer (CFRP) is the primary material used as discussed in Chapter 13. This choice for CFRP
was made in order to considerably reduce the weight of the aircraft to increase the range in order to meet the range
requirement. However, from a sustainability aspect, CFRP has some major disadvantages. In the following sections, these
will be discussed with regard to manufacturing and production, repair, recyclability and waste.

15.1.1. Production & manufacturing
Compared to current long-haul aircraft, the WorldBus has two major factors that could increase the emissions during
production and manufacturing: the earlier mentioned substantial use of CFRP and the presence of two liquid hydrogen
tanks. Both factors will be discussed hereafter.

The production of carbon fibre consumes almost 14 times more energy in its creation than steel. Greenhouse gas (GHG)
emissions resulting from conventionally producing carbon fibre are respectively 24.83CO2eq per kg compared to the
2.75CO2eq per kg for steel, which is roughly 9 times more. While per kg of aluminium, almost three times the amount of
CO2eq is generated compared to steel, or approximately three times less than CFRP [48].78 Thus, the significant energy-
intensive production of CFRP contributes considerably to the total emissions of the production of the aircraft. It should be
noted that on the one hand, for the same thickness, aluminium has a strength of about 500 kN compared to carbon fibre
which can have up to 1600 kN of strength, which means CFRP is 3.2 times stronger than aluminium for the same thickness.
Note that since the comparison is done with equal thickness, the mass of CFRP would be almost two times lower without
compromising strength or rigidity.79 On the other hand, for CFRP, 30% of the material is wasted in production [49].
Thus, in practice, the use of CFRP would result in approximately 22% more emissions compared to aluminium. Since
22% more emissions compared to aluminium fall below the 43% emissions from the requirement, the requirement is met.
However, it is still important to consider methods to minimise the emissions from this environmentally harmful composite.

The most obvious solution would be to use recycled parts of decommissioned aircraft in the manufacturing process. Im-
plementing carbon fibre components from other types of aircraft might not be possible since the design parameters would
differ too much, as WorldBus is a unique design. Components from other aircraft interiors such as seats, plastics and
lighting can be reused or recycled and integrated into the WorldBus design since essentially all interiors can be recycled

79https://smicomposites.com/carbon-fiber-vs-aluminum-why-theyre-used-and-how-they-differ/#:~:text=Aluminum%
20has%20a%20strength%20of,to%201600%20kilonewtons%20of%20strength.
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nowadays.80 Furthermore, it is also possible to reuse parts fromWorldBus aircraft that are manufactured at an earlier stage
and are not operational any longer. This might take some time in the production process as the lifespan is decided to be 20
years. Furthermore, in the production of the parts, recycled CFRP can be used which will reduce emissions as well. This
option will be further discussed in Subsection 15.1.3.

Another difference WorldBus has compared to current long-haul aircraft is the presence of two large hydrogen tanks. The
primary tank consists of steel, CFRP, and multi-layer insulation of mylar and dacron. The secondary is made up of steel
and polyurethane foam. Both tanks were already discussed in Chapter 13. Steel has relatively low production emissions
compared to CFRP. The emissions following from the production of polyurethane are approximately 2.86CO2eq per kg
[50]. For mylar, this is approximately 3.64CO2eq per kg81 and for dacron this is approximately 2.40CO2eq per kg [51]. As
mylar, dacron, and polyurethane collectively constitute less than 0.05% of the total aircraft weight and exhibit comparable
CO2 emissions to steel during production, it is not anticipated that any emission disparities will arise from the tanks in
comparison to similar long-haul aircraft.

Lastly, it should be noted that innovative development processes to reduce the carbon footprint of CFRP production are cur-
rently under development. An advanced method using fire-resistant fibres already yielded a reduction of 20% in emissions
compared to the conventional method [48].

Considering all factors, the production and manufacturing process of WorldBus will result in larger CO2 emissions due
to its extensive use of CFRP. However, implementing provided solutions and advancements in the CFPR production
processes, a maximum increase of 43% in emissions compared to similar long-haul aircraft is assumed to be achievable
at the current design phase. To illustrate this, if by 2040 all waste can be reused and a production method with 20% fewer
emissions becomes feasible, the emissions increase could already be reduced to 44% instead of the initially estimated
134%. These assumptions will need to be constantly verified in each future design phase. Additionally, it is important to
note that the estimation of a 44% increase in emissions does not yet account for the potential reduction in emissions when
reusing parts.

15.1.2. Repair
Currently, the reparation of CFRP parts is limited to secondary structures in the aircraft. Primary structures, which are
critical components of the aircraft, need to be designed such that they can endure the entire service life of the aircraft
without requiring reparation. To achieve this, primary structures will be over-designed using safety factors to ensure their
reliability. A disadvantage of this approach is the increased production costs and added weight to the aircraft. However,
an advantage is the cost savings by avoiding costly repairs or replacements during its service life.

The repair of secondary parts can be done in service or on the ground if repair facilities are not readily available. It is
important for the repair to be done quickly and effectively since a grounded aircraft significantly cuts down revenues.
Several methods already exist for the repair of CFRP, of which the most common method is patching. Patching can be
applied in service as a permanent or temporary solution and is a simple and low-cost technique. However, patching is
bulky and of limited strength. Another disadvantage is the addition of weight, which is undesirable, especially when
done repeatedly. Other methods results in better quality for the repaired CFRP, but are necessary to be performed in good
workshop conditions and with trained staff. These methods take longer and are more costly, resulting in the aircraft being
inoperable for a longer period of time [52].

15.1.3. End-of-life
To increase the sustainability of an aircraft and ensure it does not end up deteriorating at an aircraft grave, an aircraft
should, once its end-of-life is reached, be recycled as much as possible. Especially since the aircraft is designed to be
operable for a 20-year lifespan while carbon fibre typically could last for over 50 years.82

Airbus states that, as of today, 92% of an aircraft’s total weight can be recycled. For the engine, this percentage can go
up to 99%. 83 However, this is not always an achievable percentage for composites. Much research is currently being
performed in Europe related to the recycling of aircraft composite. The largest project investigating the recycling of
aircraft composites is called ’Holistic process for the cost-effective and sustainable management of End of Life of Aircraft
Composite Structures’ (HELACS). This process uses high water pressure in order to selectively cut composite into suitable
dimensions for recycling. 84 Using this process the recycling capacity of composite aircraft components increases by 40%.

As stated in research by F.Meng [53], Airbus aims to distribute 95%of all CFRPmaterial from the aircraft into the recycling
80https://www.dwtc.com/en/industry-insights/coming-home-how-aircraft-interiors-are-being-recycled/#:~:text=Our%

20studies%20have%20proven%20that,are%20usually%20no%20identifying%20stamps.
81https://europe.dupontteijinfilms.com/media/2624/dtf-brochure-photovoltaics.pdf
82https://www.fairmat.tech/blog/is-carbon-fiber-recyclable/
83https://aircraft.airbus.com/en/newsroom/news/2022-11-end-of-life-reusing-recycling-rethinking
84https://www.aitiip.com/helacs.html
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industry. A similar target could be set for WorldBus. However, as of today, only 40% of this material is recyclable. This
would not meet the to-be-achieved 60% total recyclability as stated in the requirements from Section 5.2. As the global
demand for CFRP is expected to grow at 8.7% each year, it is expected that recycling processes will also further improve.
Since WorldBus is expected to launch in 2040, the first WorldBus aircraft to undergo recycling would likely be around
2060 or later. This provides an additional 37 years for recycling technologies to advance. Currently, there are new chemical
processes under development of which Yu et al. reported a near 100% recyclability of CFRP [54]. Additionally, a two-step
thermolysis has yielded 93.47% recovery of carbon fibre [49]. Therefore, it can be safely assumed that by 2060 a target of
60% recyclability of the aircraft mass would be achievable, taking into account the advancements expected in recycling
technologies.

15.1.4. Waste
In the production and manufacturing process of an aircraft, it is important to consider waste for two main reasons. First of
all, waste in any form like material, energy, or man-hour, adds unnecessary costs to the production process. Secondly, the
generated waste will contribute to the amount of emissions during the production and manufacturing process. Both aspects
of finance and emissions have already been limited by two requirements. In other words, as long as the generated waste
does not lead to too high costs or too high emissions, the generated waste does not provide any further problems besides
efficiency considerations. Therefore, a requirement limiting the amount of waste has been deleted from the requirement
since it is already indirectly implemented in the cost and emissions requirements.

Although, it is still important to adopt solutions to minimise the generated waste and improve the efficiency of the design
process. For this, two solutions will be provided. First of all, by trimming, shaping or possible manufacturing defects,
material waste could be generated in the production process. Optimised cutting techniques or improved production pro-
cesses can limit this amount of waste. Furthermore, the wasted material could also be recycled in order to be used again
in the production process. Secondly, in the production process, the concept of lean manufacturing should be adopted. In
this concept, waste will continuously be eliminated during the production process. It focuses on eight types of waste:
overproduction, waiting time, work in progress, processing waste, transportation, movement, rework, and underutilising
people

15.2. Service life
From the market analysis, a service life of 20 years was assumed. In this section, this value will be further assessed.

To begin, it is important to put the required service life of 20 years in perspective with current passenger aircraft. For
several of its aircraft, Boeing has a minimum service life design objective of 20 years 85. Furthermore, Airbus aims to
design aircraft that can spend 30 plus years in operational service 86. Thus, it can be said that current requirement is not
different from already existing aircraft and no additional innovations are needed at first sight.

In addition, it is necessary to identify the factors that impact the service life. First of all, material fatigue is crucial for
service life. Next to this, maintenance is important to ensure a long lifetime. Lastly, several aspects during the operation
of the aircraft also influence the aircraft’s service life. These aspects include the number of flights the aircraft performs,
the environment in which the aircraft operates and possible accidents. At this point of the design, it can be assumed that
the last two factors are comparable to existing aircraft. Moreover, due to the long-range characteristic, WorldBus will
have fewer take-offs and landings compared to current aircraft that fly shorter ranges. This will even benefit the service
life. Thus, no significant negative deviations in service life could originate from those factors. However, the first factor
of material fatigue has different characteristics as will be discussed hereafter.

WorldBus is mostly made of CFRP, which may present challenges in terms of repairability compared to other materials.
This limitation of repairability negatively impacts the service life. However, CFRP does offer the advantage of having a
high fatigue strength compared to aluminium, which positively impacts the service life. In the design, safety factors are
used to ensure safety but this also reduces the chances that repair is needed during the lifetime of WorldBus. Taking that
into consideration, it can safely be assumed that the use of CFRP does not negatively impact the service life of WorldBus.

Lastly, it is important to note that it is essential to perform real-world testing in a further design phase. This way it can be
ensured that aircraft components can endure the temperature cycles and load cycles over the span of 20 years. Specific
attention should be drawn to the testing of the tank and plumbing system, since those technologies for hydrogen fuel have
low precedent in existing aircraft.

85https://www.boeing.com/commercial/aeromagazine/aero_07/corrosn_sb_table01.html
86https://www.airbus.com/en/products-services/commercial-aircraft/the-life-cycle-of-an-aircraft/operating-life
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15.3. Operations
In this section, the emissions during operation of WorldBus will be discussed. This includes the emissions during the
production of liquid hydrogen, and the combustion of liquid hydrogen during the flight.

15.3.1. Emissions for producing LH2
Critical to WorldBus being an environmentally friendly aircraft is that the fuel it uses is also produced sustainably. Oth-
erwise, it is the equivalent of running an electric car on power generated by a coal plant. While fewer/no emissions are
produced during the operation of the system, the emissions are simply displaced to a different phase in the energy cycle.
While green hydrogen is sustainable, as it is made using water and renewable energy, it does pose some challenges re-
garding availability. Currently, about 69Mt of hydrogen is produced per year using dedicated processes. However, less
than 0.7% of this amount is produced using renewable energy sources or produced using carbon capture and storage. So,
every year only about 0.5Mt of green and blue hydrogen is produced [55]. As stated, this could prove to be a problem
for WorldBus. After the production phase is completed, up to 300 aircraft could be in operation. With every aircraft
performing 4000 flight hours per year, it is estimated that about 2.8Mt of liquid hydrogen is required each year. This is
more than 5 times higher than what is produced globally by dedicated hydrogen facilities.

But for WorldBus to use grey hydrogen is also not acceptable. The main greenhouse gas that is responsible for the GWP
of hydrogen production is CO2. The annual production of hydrogen emits 830 million tonnes of CO2, the equivalent of
the CO2 emissions of Indonesia and the United Kingdom combined [55]. Comparing this to the fact that annually 69Mt of
hydrogen is produced worldwide, it can be concluded that for every kg of grey hydrogen production, about 12 kg of CO2
is produced [55]. Using the fact that WorldBus requires approximately 45mt of liquid hydrogen per flight, this means
that a WorldBus operating on grey hydrogen will emit the equivalent of 568mt of CO2 per flight. Or, 144 g of CO2 per
passenger per km, and this does not even take into account the GWP of water after the hydrogen fuel has been combusted
in the engine. For comparison, a Boeing 787-9 emits about 3.5 g of CO2 per passenger per km when only taking the
emissions of kerosene production and transportation into account, but not the emissions during operation[56].

So, clearly, grey hydrogen is not a sustainable solution and performs significantly worse when it comes to carbon emissions
compared to existing kerosene-powered aircraft from a production standpoint. A crucial difference, however, is that
WorldBus in theory can fly on a low-emission fuel. Flying on green hydrogen could result in a twentyfold reduction
of greenhouse gas emissions compared to grey hydrogen, with green hydrogen only producing 0.7 kg of CO2 per kg of
hydrogen production [57]. This means that the carbon emissions per passenger per km decrease to just 8.4 g for hydrogen
production.

Fortunately, it is expected that the production of green hydrogen will increase to 50Mt by 2040, and 300Mt per year, by
the year 2070 [58]. Since only 15 aircraft will be produced per year, and the first delivery is not expected until 2040,
there should be enough green liquid hydrogen available for WorldBus. But it is important to note that the feasibility of
WorldBus is largely dependent on these predictions being true as grey hydrogen is not a viable alternative.

15.3.2. Emissions per passenger km
Assuming that by 2040, the production of green hydrogen will have increased enough for WorldBus, an estimation of the
emissions during the flight can be made. The gases that contribute most to the heating of the planet are CO2, H2O and NOX.
For hydrogen, the emissions of CO2 are naturally zero and as a result, the emissions per kg are also zero. Compare this to
kerosene, where per kg of burned kerosene approximately 3.146 kg of CO2 is emitted.87 Then, the amount of emitted H2O
is higher for liquid hydrogen than for kerosene. This can be seen by looking at the molecular formulas for both molecules.
Kerosene is made up of different length hydrocarbons, ranging between C12H26 and C15H32. For these molecules, two
hydrogen atoms will react with oxygen from the air to form H2O. Using mass ratios, it can be determined that for every
kg of kerosene, approximately 1.37 kg of H2O is formed. Hydrogen is simply H2 and will react with oxygen to also form
H2O. Using mass ratios again, it is found that for every kg of hydrogen, 9 kg of water is formed. Finally, when it comes
to the emissions of NOX, it is more difficult to find concrete values. The air-to-fuel ratio inside the combustion chamber
influences how much nitrous oxides are formed. However, from a study done in 2022, these can be estimated to be about
17.94 g per kg of kerosene, and 3.7 g per kg of hydrogen [59]

This, however, does not show the full picture yet. The metric of interest is the GWP, or, how much heat the molecule will
absorb in the atmosphere. Water, for instance, becomes a more potent greenhouse gas when emitted high in the atmosphere.
This is also the reason WorldBus will fly at an altitude of 9 km instead of 12 km. Flying at lower altitudes does, however,
increase the overall fuel consumption since the aircraft experiences more drag. The benefits from the emissions for flying
at 9 km instead of 12 km outweighs this difference in fuel consumption greatly. The effective GWP for flying at 12 km
equals 4.04 while the effective GWP for flying at 9 km equals 0.24. Again, this is because of the water absorbed into

87https://english.rvo.nl/sites/default/files/2022/05/The%20Netherlands%20list%20of%20fuels%20and%20standard%
20CO2%20emission%20factors%20January%202022.pdf
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the atmosphere at higher altitudes. For flying at lower altitudes, an increase in the amount of needed fuel of 60 kN is
observed. This would result in a decrease in effective GWP of around 150 000 when flying at 9 km compared to 12 km
which is a 93% decrease in effective GWP. The GWP for burning hydrogen and kerosene at different altitudes is shown
in Figure 15.1.

Figure 15.1: GWP of hydrogen and kerosene at different altitudes.

From here, it can easily be deduced that WorldBus emissions during flight have a GWP of 2.86 g per passenger per km.
The CO2 emissions per passenger per km for a Boeing 787-9 are known to be approximately 71.5 g.88 However, the 787
engine also emits nitrous oxides and water. The carbon emissions are 69% of kerosene’s GWP when burning at 12 km.
Moreover, as stated earlier, the production of kerosene also emits greenhouse gases. So, a more accurate estimation for
the GWP of the 787’s emissions is 107 g per passenger per km. Then, for WorldBus, taking into account the greenhouse
gases that are emitted during the production of green hydrogen and the GWP of the emissions during operation, a final per
passenger per km value of 11.2 g is found for the equivalent carbon emissions. This means WorldBus is able to provide a
reduction in emissions of 90% per passenger per km during the flight compared to a Boeing 787-9.

It is important to note that this reduction could be improved even further if the production of green hydrogen becomes more
efficient. Currently, only 25% of the per kilometre per passenger emissions for hydrogen are produced during the flight,
the remaining 75% is due to the production of hydrogen. If hydrogen were to have a similar footprint as the production
of kerosene, WorldBus could attain a 94% reduction. Moreover, if the production of hydrogen and kerosene are not taken
into account, WorldBus has a 97% lower impact. Since WorldBus only needs to be operational by 2040, there is still
room for hydrogen production to improve and become more efficient and, hence a 90% reduction is considered to be a
worst-case scenario. So, a 97% reduction in emissions during operation means that WorldBus meets the sustainability
requirement set in Chapter 5 to reduce emissions by 97% compared to a Boeing 787-9. While this is of course dependent
on the development of green hydrogen production, it does show that this requirement can be met without changing the
design of WorldBus itself.

15.4. Noise emissions
Another of the sustainability requirements ofWorldBus is that the noise emissions are reduced compared to current aircrafts.
In this section, the regulations around noise emissions for transport aircraft are showcased, and a preliminary analysis is
done for the noise emissions of WorldBus. This analysis is split into two parts: a noise analysis of the airframe, and a noise
analysis of the engines. It should be noted that due to time constraints and this project’s scope, it is impossible to do a
complete, accurate analysis of WorldBus’ noise production. However, an overview of the regulations and a methodology
to analyse the noise emissions will be given. With this, more research and a more elaborate analysis can be performed in
the future.

15.4.1. Regulations
As stated, WorldBus aims to not only be more sustainable, but also a quieter aircraft so that people living around airports
are disturbed less. One of the requirements that was set by the WorldBus team was to decrease the cumulative noise
emissions of WorldBus by 5 dB compared to a Boeing 787-9 This requirement can be made more concrete by looking at
how and where noise is measured. First of all, an important metric within noise regulations is the effective-perceived noise
levels (EPNdB). This quantifies how annoying a sound is for a human being by looking at the spectral shape of the sound,

88https://www.iba.aero/insight/aviation-carbon-emissions-case-study-qatar-airways/
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the intensity, tonal content and duration, measured in dB.89 EPNdB can be calculated with Equation 15.1.90

EPNdB = PNLmax + 10 log
(
t10
20

)
+ F (dB) (15.1)

Where PNLmax is the maximum noise level during a flyover, t10 the duration of the flyover within 10 dB of the peak
loudness, and F (S) a corrective function to take into account that pure tones are perceived as more annoying. Then, there
are three certification reference points where aircraft noise is measured: lateral, approach, and flyover. These measurement
points are shown in Figure 15.2. Figure 15.3 gives the noise standard for aircraft as a function of the MTOW. Since
WorldBus is a jet-driven aircraft it needs to adhere to Chapter 14, meaning that a maximum cumulative EPNdB of 295 dB
is permitted.91

Figure 15.2: Certification reference points for measuring noise levels.90 Figure 15.3: ICAO noise standard for aircraft.91

Besides needing to meet these regulations, WorldBus is also aiming to be more quiet than comparable aircraft. EASA
provides over 20000 noise measurements for a variety of transport aircraft.92 The average noise levels for four different
aircraft are shown in Table 15.1.

Table 15.1: Noise levels of reference aircraft.

Aircraft Engine Noise levels [EPNdB]
Lateral Flyover Approach Cumulative

Boeing 787-9 Rolls-Royce Trent 1000 91.5 84.9 96.0 272.5
Boeing 777-300ER General Electric GE90-115B 99.1 90.3 100.5 285.6
Airbus A350-1000 Rolls-Royce Trent XWB-97 94.9 88.2 96.9 290.0
Airbus A380-800 Engine Alliance GP7270 94.6 93.3 97.7 280.0

So, as given in Chapter 5, the team aims to have the cumulative noise levels of WorldBus to be 5.0 dB lower than the
Boeing 787-9.

15.4.2. Methodology
One method to model aircraft noise emissions is through the NASA-developed aircraft noise prediction program (ANOPP)
method. In this method, the different components of the aircraft that produce noise are modelled separately and can later
be combined to give the total noise production [60]. The main contributors to aircraft noise for the engine and the fuselage
are shown in Figure 15.4.93

89https://www.icao.int/Meetings/EnvironmentalWorkshops/Documents/Noise-Certification-Workshop-2006/Depitre_4.pdf
90https://www.sfu.ca/sonic-studio-webdav/handbook/Effective_Perceived_Noise_.html
91https://www.icao.int/environmental-protection/Pages/Reduction-of-Noise-at-Source.aspx
92https://www.easa.europa.eu/en/downloads/16974/en
93https://www.aerosociety.com/media/4658/1-progress-in-engine-noise-reductions.pdf

https://www.icao.int/Meetings/EnvironmentalWorkshops/Documents/Noise-Certification-Workshop-2006/Depitre_4.pdf
https://www.sfu.ca/sonic-studio-webdav/handbook/Effective_Perceived_Noise_.html
https://www.icao.int/environmental-protection/Pages/Reduction-of-Noise-at-Source.aspx
https://www.easa.europa.eu/en/downloads/16974/en
https://www.aerosociety.com/media/4658/1-progress-in-engine-noise-reductions.pdf


15.4. Noise emissions 91

(a)Main airframe components that contribute to noise. (b) Engine components that contribute to noise.

Figure 15.4

At the core of this analysis lies the sound pressure level (SPL), given in Equation 15.2. This measure indicates how load
a sound is in decibels, based on the effective pressure. Each component p2e is then modelled with Equation 15.3. Where
pe0 is the reference effective pressure and is equal to 2.5 · 10−5 N/m2.

SPL = 10 log
(

p2e
p2e0

)
(15.2) p2e(f, θ, ϕ) =

ρ∞cPD(θ, ϕ)F (S)

4πr2(1−M cos θ)4
(15.3)

More precisely, pe is the effective pressure in Pa in different 1/3-octave bands, where f is the centre of each respective
1/3-octave band. Other input variables for the effective pressure are θ and ϕ, which are the polar and azimuthal directivity
angles, respectively. These angles are shown in Figure 15.5. Then, ρ∞ is the density, c the speed of sound in air, P a
power function,D(θ, ϕ) a dimensionless directivity function, and F (S) the spectral function. In the denominator, one can
recognise 1

4πr2 , or the spherical spreading fact and also the factor
1

(M cos θ)4 . This is to compensate for the forward motion
of the aircraft.

(a) Azimuthal directivity angle ϕ. (b) Polar directivity angle θ.

Figure 15.5: Azimuthal and polar directivity angles [60].

Airframe components
For the airframe components, the power P and the Strouhal number S can be calculated through Equation 15.4 and
Equation 15.5.

P = KMaG(p∞c3b2w) (15.4) S =
fL(1−M cos θ)

Mc
(15.5)

Here, K and a are dimensionless constants, G is a dimensionless geometry function and bw is the total wingspan for
Equation 15.4. For Equation 15.5, L is the length scale characteristic for a particular airframe. In Table 15.2, values for
G, L,K and a are given for different aircraft components. These can be used as inputs for Equation 15.4.
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Table 15.2: Input parameters for airframe power calculation.

Airframe noise source G L K a

Clean wing 0.37Aw
b2w

(
ρ∞M∞c∞Aw

µ∞bw

)−0.2

Gbw 4.464 · 10−5 5
Leading edge slats Same as for wing
Trailing edge flaps Af

b2w
sin2(δf )

Af

bf
2.787 · 10−4 6

Landing gear n
(

dwheel
bw

)2
dwheel 4.349 · 10−4 6

Then, the spectral and directivity functions for the corresponding noise sources in Table 15.2 are given in Equation 15.6
through Equation 15.13.

Clean wing

F (S) = 0.613(10S)4
(
(10S)1.5 + 0.5

)−4 (15.6)
D(θ, ϕ) = 4 cos2(ϕ) cos2(θ/2) (15.7)

Slats

F (S) = 0.613(10S)4
(
(10S)1.5 + 0.5

)−4
+ 0.613(2.19S)4

(
(2.19S)1.5 + 0.5

)−4 (15.8)
D(θ, ϕ) = 4 cos2(ϕ) cos2(θ/2) (15.9)

Flaps

F (S) = 0.613(10S)4
(
(10S)1.5 + 0.5

)−4 for S < 2

F (S) = 0.1406S−0.55 for 2 ≤ S ≤ 2

F (S) = 216.49S−3 forS > 20

(15.10)

D(θ, ϕ) = 3(sin δf cos(θ + cos δf sin θ cosϕ)2 (15.11)

Main landing gear

F (S) = 13.59S2(S2 + 12.5)−2.25 (15.12)

D(θ, ϕ) =
3

2
sin2 θ (15.13)

With this method, an estimation can be made for the noise produced by the airframe of the aircraft. However, it should be
noted that this model does not provide estimations for the acoustic effects of the fuselage, empennage, truss, or the podded
landing gear.

Engine
As stated in Chapter 10, WorldBus will be using two modified Rolls-Royce Trent 1000R engines for its propulsion system.
The Trent 1000R is already one of the quietest engines on the market, having noise levels more than 15 dB lower than
the Boeing 777’s Trent 700.94 While it was not possible to find exact figures on how much noise is produced by these
engines, it should be possible to verify this information from Rolls-Royce at a later point in the design. However, since the
engine is already being modified to run on hydrogen, this also provides the team with an opportunity to make the engine
even more quiet. A number of key points where the emitted noise can be reduced include adding a variable area nozzle,
optimised inlet geometries and lip liners and optimising the fan speed and jet velocity cycles.95

94See footnote 93
95See footnote 93
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15.4.3. Truss-braced vs conventional aircraft
Finally, for the noise analysis some further research has already been done. A team of researchers at NASA’s Langley
Research Center have compared the noise emissions of a Transonic Truss-Braced Wing (TTBW) and a conventional
configuration (CC) [61]. While the aircraft used for the analyses are smaller than WorldBus (e.g., the wingspan is 23.7m
lower), the relative noise performance of the TTBW and the CC can still of interest as it shows what could be expected for
WorldBus compared to a similar sized conventional transport aircraft. A big difference between the TTBW and the CC is
the geometry and width of the wing. This can be seen in Figure 15.6.

Figure 15.6: Layout for the CC versus the TTBW [61].

Then, using the FLOPS method, the rest of the aircraft is sized, weights are estimated and the thrust of the engines is
established. Similar to the method described in Subsection 15.4.2, the researchers use the ANOPP method to determine
the noise contributions of all the different aircraft components. Then, the researchers also take into account the so-called
propulsion airframe aeroacoustic (PAA) effects. This is the interaction of the noise produced by the engines and the
airframe. Depending on how this noise is reflected, PAA effects can be beneficial or detrimental to the noise produced
by the aircraft. A positive value for PAA effects indicates that the interaction between the engine noise and the fuselage
is advantageous to the noise emitted. In other words, the EPNdB value at the reference points is lower. Conversely, a
negative value indicates that the interactions increase the noise measured at the reference points. The results of the noise
analysis can be seen in Table 15.3 [61].

Table 15.3: EPNdB levels for TTBW and CC.

Config. Level with PAA [EPNdB] Level without PAA [EPNdB]

Approach Flyover Lateral Cumulative Approach Flyover Lateral Cumulative
benefit

TTBW 84.0 75.3 92.1 251.4 83.0 73.3 91.1 -4.0
CC 83.8 79.9 92.5 256.2 83.0 78.1 90.5 -4.6

It can be noted that the TTBW performs better with regard to noise pollution compared to the CC. This is thought to be
due to the fact that a high-wing aircraft is able to more efficiently use the fuselage as a shield and that as a result, more of
the sound is reflected upwards away from the ground. Then, the truss will likely increase this effect by reflecting upwards
even more noise produced by the engine. However, additional research and understanding of the relevant physics are
needed to draw conclusive results. Finally, compared to the CC, the TTBW has an improved L/D and can achieve a higher
rate of climb. This gives the TTBW additional altitude when passing the flyover reference. The results of the ANOPP
method can be seen in Figure 15.7. Here, the noise emissions for every aircraft component at the three certification points
are given. As can be seen, even though the TTBW performs slightly worse for the approach certification point, it is still
the superior choice [61].
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(a) (b) (c)

Figure 15.7: Noise performance TTBW versus CC [61].

15.5. Conclusion and recommendations
In conclusion, it is found that WorldBus is able to meet most of its sustainability requirements, however, the production,
repair, and recycling qualities of CFRP could prove to be an issue. CFRP requires a lot of energy to produce, is difficult
to repair and cannot be recycled easily. It is estimated that only 38% will be recyclable at end-of-life. When it comes
to emissions during operation, WorldBus performs quite well, but improvements still need to be made. Flying at 9 km
altitude on Green Hydrogen, WorldBus can reduce its emissions to 8.4 g per passenger per km, a 90% reduction compared
to the per passenger per km emission of a Boeing 787-9. However, this value can increase to 97% as the production of
hydrogen attains a lower carbon footprint. Finally, while the noise analysis does look promising, suggesting that a decrease
in airframe noise and engine noise is certainly possible, it is too early to say whether this will also be the case forWorldBus.
Listed below are the sustainability requirements from Chapter 5. It is also indicated whether these requirements have been
met.

1. (Compliant) REQ-SUS-ENRG-1 The aircraft shall reduce total GWP emissions by 97% compared to a Boeing
787-9 during operation.

2. (Not compliant) REQ-SUS-ENRG-2 The production of 1 kg of liquid hydrogen will produce emissions with at
most a GWP of 0.00 kg.

3. (Intend to comply) REQ-SUS-BEF-2 The entire production and manufacturing process of the aircraft shall reduce
total GWP emissions by 43% when compared to the production of a Boeing 787-9.

4. (Intend to comply)REQ-SUS-NOIS-2 The aircraft shall reduce the cumulative noise by 5 dB compared to a Boeing
787-9.

5. (Compliant) REQ-USER-BUD-02 The aircraft shall fly in service for at least 20 years.
6. (Intend to comply) REQ-SUS-END-1 A minimum of 60% of the aircraft shall be reusable or recyclable.

Finally, the following recommendations can be made to improve the sustainability of WorldBus:

• It is recommended that alternative, more recyclable materials are still considered if the design allows for it.
• It is recommended to research whether the emissions during hydrogen production can decrease.
• It is recommended that a proper noise analysis is done for the airframe using the ANOPP method.
• It is recommended that Rolls-Royce is contacted for the noise emissions of the Trent 1000R.
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Operations

During this chapter, multiple aspects of operations related to travel by plane will be discussed. Discussing all operations
and their accompanying passing time will yield the available time for the flight. This time allows the average cruise speed
to be calculated, ensuring the passenger’s journey is completed within 24 hours. Firstly, promising innovations regarding
airport and ground operations will be discussed in Section 16.1. Then, the passenger’s journey from airport entry until
departure is discussed in Section 16.2. The aircraft operations will be investigated in Section 16.3 and after this a complete
timeline has been developed in Section 16.4 from which the effective flight time is determined in Section 16.5. After this,
the non-flight aircraft operations are discussed in Section 16.6 and operations related to hydrogen storage at the airport are
looked into in Section 16.7. Lastly, in Section 16.8 this chapter is concluded and recommendations for further research
are made.

16.1. Innovations
As WorldBus aims to be flight-ready in 2040 the most promising innovations regarding airport and ground operations
have been analysed to determine viable solutions for the future. Innovations related to sustainability as well as innovations
related to the reduction of waiting times at airport have been investigated throughout this section.

16.1.1. Electric green taxiing system
An electric green taxiing system (EGTS) is a simple yet very effective concept [62]. An EGTS is a systemwhich is attached
to the landing gear of an aircraft, removing the need for the power supplied by the aircraft engines during taxiing. There
are two different types of EGTS, and both will be analysed to determine the most optimal type for WorldBus.

Firstly, onboard EGTSs are evaluated. Implementing an onboard EGTS allows an aircraft to be autonomous during taxiing
and even push-back [62]. This will result in shorter taxi times and less traffic on airport grounds because towing trucks will
no longer be necessary. Lastly, it allows an aircraft to start its engines just before take-off and shut them down immediately
after landing, thus reducing total fuel consumption and noise emissions. As both contribute to a more sustainable aircraft,
these are considered to be very positive effects.

However, implementing an onboard EGTS also has disadvantages. First and foremost, adding an onboard EGTS adds
extra weight to the aircraft, thus also increasing its fuel consumption during flight. For an internal EGTS of 400 kg a
towing capacity of 78 tons is achieved. As WorldBus weighs about 250 tons, assuming a linear relation, an internal EGTS
of just under 1300 kg should be used. After performing a weight iteration it was found that 800 kg of extra fuel would be
used during the flight to compensate for this weight increase. This results in an increase in fuel weight of 1.5%. As seen
in the paper discussing electric taxiing systems [62], for flights of 4000 km a reduction in total consumed fuel is 1%. As
the WorldBus aims to fly over 4 times this distance, the reduction in total consumed fuel will be even less. Therefore the
decrease in fuel usage due to the onboard EGTS does not compensate for the added fuel usage due to the increased weight
of the onboard EGTS. Hence an onboard EGTS will not be considered further.

As it is the aim of theWorldBus to reduce emissions by as much as possible, an external EGTS is also investigated. Starting
with the disadvantages, the taxi-in time will be increased after landing as the plane will have to wait until this external
EGTS is linked with the landing gear. Furthermore, the autonomy of the pilot is taken away as this EGTS will take over
the steering of the aircraft.

External EGTS also add positive value, comparable with onboard EGTS. Less fuel is consumed as the engine is turned
off during taxiing, this also results in less noise emissions. These positive effects are achieved without increasing aircraft
weight and therefore WorldBus will implement the usage of an external EGTS. The usage of external EGTS will add onto
taxi time, however, as this process is expected to be further developed until 2040 it is expected to be negligible.

95
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16.1.2. Biometric identification
Using biometric identification to increase the processing speed at customs and passport control is becoming increasingly
common at airports [63]. As concluded in a paper by N. Khan [64], even with increasing passenger numbers, waiting times
are significantly improved. During a pilot at Dublin airport, improvements were made as shown in Table 16.1. During the
year 2018, no facial recognition was used and in 2019 it had been implemented.

Table 16.1: Improvements in waiting time at Dublin airport due to facial
recognition [64]

Year Number of
passengers

Within 30
minutes

Within 45
minutes

2018 110,090 65% 83%
2019 119,419 87% 98%

FromTable 16.1 it becomes clear that, evenwith increasing
passenger numbers, biometric identification shows great
potential in reducing passenger waiting times.

16.1.3. Self-service check-in
Another innovation that has been spreading throughout
major airports worldwide is self-service check-in (SSCI)
counters. Bymaking use of this, passenger processing time
can be reduced from an average of 7 minutes at a traditional check-in (TCI) counter to 3min at an SSCI counter, a reduction
of over 50% [65].

Next, the reduction in waiting time is to be investigated. Research conducted by S. Tyagi and G. Lodewijks shows that for
the foreseeable future, TCI desks will not be completely replaced by SSCI counters [66]. However, SSCI counters will
play an increasing role in processing passengers. Waiting times have been analysed at Kingsford Smith Airport in Sydney,
whilst varying the ratio between TCI and SSCI desks. Using 40% TCI desks and 60% SSCI desks, an average waiting
time of 14 minutes was found at both desks.

Concluding, the total time to pass the check-in desks would be reduced to an average of 17 minutes. Accounting for peaks
in passenger numbers, a slack of 50% is added, resulting in a maximum processing time of 25 minutes.

16.1.4. 4 doors boarding
Currently, aircraft typically utilise a single door for boarding and deboarding operations. However, the WorldBus aircraft
will have four doors on one side of the aircraft. This presents an opportunity to decrease boarding time by employing
multiple doors. An average boarding time of 45 minutes is estimated for 200 passengers using a single door, this time
decreases to 30 minutes when two doors are utilized. Further improvements can be realized, resulting in a boarding time
of 23 minutes for three doors and a mere 20 minutes when all four doors are employed (linear progression assumed for 4
doors) [67]. As not all major airports are expected to be able to provide this infrastructure it has been chosen to take 45
minutes into account for boarding using 2 doors. This also provides for an error margin ensuring it is completed within
the expected timeframe.

16.1.5. Ground power unit
When a plane arrives at an airport gate, the auxiliary power unit (APU) is used to provide the plane with energy. This APU
is a low-energy system and is used to deliver energy to various operations within an aircraft, such as temperature control and
lights, but also activating the engines. These APUs run on aircraft fuel and thus contribute to air pollution around airports.
Furthermore, APUs contribute to noise emissions [68]. In order to reduce the noise emissions and fuel consumption of
aircraft many airlines and airports have implemented policies restricting APU usage. These policies restrict APU usage
so that it is only used the first 5 minutes after landing and before take-off. However, only 6% of the cases comply with
this regulation [68].

In order to provide a more direct solution, research has been conducted regarding ground power units (GPU). Analysing
the paper by A. Padhra shows that GPUs help in achieving an average reduction in total ground emissions of 47.6% [68].
Since most airports have now started incorporating GPUs, it is assumed that this is available at all major airports in 2040
for WorldBus to use, thus further reducing its emissions.96

16.2. Passenger journey
A key requirement for the WorldBus project is that the passenger should be able to travel between any two major airports
within 24 hours. This constraint encourages proper research into the different operations that are to be performed by a
passenger outside of the flight. Time spent at each operation will be estimated in this section, ultimately resulting in an
estimation of the time available for flight.

96https://aviationbenefits.org/case-studies/fixed-electrical-ground-power/

https://aviationbenefits.org/case-studies/fixed-electrical-ground-power/


16.2. Passenger journey 97

16.2.1. Baggage check-in
Once a passenger starts their travel journey, the first step is to check in themselves and their baggage. As of today, major
airlines advise checking in 3 hours prior to departure in order to comfortably catch a flight.97,98 The check-in desk, however,
remains open for check-in up until 60 minutes before departure.

As discussed in Subsection 16.1.3, room for improvement exists by making use of SSCI desks. Here, a maximum time
of 27 minutes is determined for check-in. Considering the improvement in waiting time due to the combination of SSCI
and TCI desks, it is a viable assumption that all major airports make use of this by 2040. Therefore, airlines should advise
checking in 2 hours prior to departure and no later than 1 hour prior to departure.

16.2.2. Airport security and passport control
Multiple studies have been performed regarding waiting times at airport security and passport control. Research by N.
Khan [64], as discussed in Subsection 16.1.2, shows that biometric identification dramatically reduces waiting times and,
thus, should be implemented at airports. A maximum time of 45 minutes will be allocated to pass the airport security and
passport control as 98% completes this within 45 minutes as can be seen in Table 16.1.

16.2.3. Travel time to gate
Multiple factors influence one’s travel time from security/passport control to the gate. The walking distance contributes,
evidently, the most, regarding this travel time. If the 8 longest possible airport walks are disregarded, the maximum
walking distance reduces from 3.2 km to 1.1 km.99 Considering one walks at a usual speed of 4.5 km/hour this would take
just under 15 minutes to complete [69]. However, as it is often unclear where one’s gate is located extra time should be
reserved to ensure all passengers can arrive at the gate during this designated timeslot. 15 minutes of slack is added to
account for this resulting in a total of 30 minutes for travel towards the gate.

16.2.4. Time related to boarding aircraft
Major airlines such as KLM and United advise passengers to arrive at the gate 60 minutes, and no later than 30 minutes,
prior to departure.100,101. However, for the WorldBus, implementing boarding using multiple entrances reduces the time
needed for this operation to 20 minutes, as discussed in Subsection 16.1.4. Therefore, for the WorldBus, it should be
advised to arrive 45 minutes, and no later than 20 minutes, prior to departure.

16.2.5. Immigration and customs
After the international flight is completed and the passengers arrive at the desired location, people are subjected to pass
through immigration and customs. Queue lengths and waiting times related to this procedure are strongly dependent on
the airport and the time of the year. Based on data from major airports in the United States of America (USA), the average
waiting time can be extracted, yielding 17.88 minutes.102

As discussed previously, biometric identification will be used to keep these waiting times as low as possible, as discussed
in Subsection 16.1.2. As shown in Table 16.1, only 1% of the passengers waited for at least 45 minutes after implementing
biometric identification, even though passenger volume increased by 15.8%. Considering this technique is becoming
increasingly common at airports and further improvements in its usage will be made in the coming years [63]. In 2040,
a maximum waiting time for immigration and customs of 30 minutes is reserved. This can take place over a span of 45
minutes.

16.2.6. Baggage claim
The time to be reserved for baggage claim is highly dependent on various factors. For example, the arrival airport logistics,
the arrival time and the time of the year. When analysing Schiphol Airport, it can be deduced that baggage usually takes
somewhere between 25-40 minutes to arrive at the baggage belts for passengers to collect. Baggage handling systems are
continuously improved and optimised in order to reduce waiting times and heavy human labour. Taking this into account,
a maximum waiting time of 45 minutes in 2040 is allocated to baggage claim.103

97https://www.klm.com/information/airport/baggage-drop-off
98https://www.united.com/ual/en/us/fly/travel/airport/process.html
99https : / / www . theaustralian . com . au / travel / are - we - there - yet - worlds - longest - airport - walks / news - story /

54d6a739168d4bc1df6ccac60cc0e03e
100https://www.klm.com/information/airport/baggage-drop-off
101https://www.united.com/ual/en/us/fly/travel/airport/process.html
102https://upgradedpoints.com/travel/airports/average-wait-times-at-immigration-and-customs/#:~:text=Based%5C%

20on%5C%20historic%5C%20clearance%5C%20times,International%5C%20Airport)%5C%20will%5C%20take%5C%20longer
103https://assets.ctfassets.net/biom0eqyyi6b/1LFrmaEaaI2Kgsw0G8IYgC/48c4c91d2b45712d1bb32b4501ad34a8/Baggage_at_

Schiphol.pdf
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16.2.7. Disembarking
Aircraft disembarking time has been analysed, resulting in an equation that relates the disembarking time to the number
of rows and exits as can be seen in Equation 16.1. In the WorldBus configuration, use can be made of 4 exits to disembark
42 rows.104 This results in a disembarking time of just over 5 minutes. Seemingly, a very low number, which can be
explained by the fact that each exit only has to serve 50 people in total, or 10 people per minute. However, this time is
also doubled in order to design for unexpected issues yielding a total disembarking time of 10 minutes.

Tdis(s) =
#rows · 30
#exits

(16.1)

16.3. Aircraft operations time analysis
Now, all major elements specifically related to passenger operations have been determined. However, in order to determine
the time available for a flight, two major aspects should still be considered: taxiing time and delay.

16.3.1. Time related to taxiing
The time related to taxiing can be split up into two different components, taxi-in and taxi-out time. The average taxi times
at 571 different airports, and their corresponding standard deviation, are published by Eurocontrol.105 Incorporating the
standard deviation twice ensures 95% of all cases fall inside these times. It is then found that a taxi-out time of 17.2 minutes
and taxi-in time of 9 minutes should be used. However, as explained in Subsection 16.1.1, using an external EGTS could
result in a delayed taxi-in time. For the time to link the external EGTS to the landing gear after touch-down, 3 minutes are
reserved. Combining all these times and rounding up results in 30 minutes to be reserved for taxi times.

16.3.2. Delay times
Delays during departure, flight and arrival are important factors to account for when analysing operations related to aircraft.
However, as for the WorldBus, passenger time should stay within 24 hours. The only analysed delay will be the arrival
delay. Delay times at the largest airports in the USA have been extensively analysed by E. Mueller and G. Chatterji [70].
The average delay time to be accounted for is, after adding two standard deviations to the mean, 37.3 minutes.

16.4. Passenger and aircraft timeline
The complete timeline for operations related to passenger journey and the aircraft has now been analysed in Section 16.2
and Section 16.3. Using these times it can be concluded that 21 hours remain for flight operations. For a clear overview,
these activities are portrayed in Figure 16.1. It can be seen that aircraft operations have been added to this figure as well.
The starting point for this is an empty, but not clean, aircraft. At first, cleaning, restocking and equipment checks are
performed in parallel [71]. After the external checks are completed, the refuelling process starts which lasts for, including
purging and chill-down, at least 45 minutes [72].

Table 16.2: Allocated times per passenger and aircraft operational activity

Activity Allocated time
Passenger Luggage check-in 1h

Security & passport control 45min
Move to gate 30min
Boarding 45min

Disembarking 10min
Luggage collection 45min

Customs/passport control 45min
Aircraft Cleaning and restocking 30min

Equipment and safety checks 15min
Refueling 1h

Luggage loading 1h
Boarding passengers 45min

Disembarking passengers 10min
Luggage unloading 30min

104https://www.eldo.co/how-long-does-it-take-to-exit-an-airplane.html#:~:text=While%20it%20appeared%20to%20take,
standard%20deviation%20was%205.1%20seconds
105https://www.eurocontrol.int/publication/taxi-times-summer-2021
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Figure 16.1: Timeline of passengers and aircraft operations

Interpretation of timeline overlaps
As can be seen in Figure 16.1, the operations have many overlapping activities. Some of these operations, especially pas-
senger operations, can not be executed in parallel, thus raising the question about the viability of this timeline. However,
it should be noted that this timeline is not to be interpreted as the timeline of one individual, but rather as the complete pas-
senger group. Experienced travellers will pass more quickly through this timeline whereas a more inexperienced/cautious
traveller may take longer or cut themselves more slack time.

16.5. Available effective flight time
From a brief look at Figure 16.1 it can be seen that 21 hours are available for air time and taxiing. In order to determine
the average speed that WorldBus should fly at, taxiing should still be taken into account. Delay, as determined in Subsec-
tion 16.3.2, will be neglected due to certain factors. For the timeline of the operations, as shown in Table 16.2, maximum
through-put times have been used, hence it is allowed to assume a best-case travel time scenario without arrival delays.
Considering this and the total taxi time, discussed in Subsection 16.3.1, the available effective flight results in a time of
20 hours and 30 minutes.

16.6. Non-flight aircraft operations
Previously, this chapter has investigated operations related to flight. However, multiple operations exist which are to be
performed outside of flight. These operations will be analysed in this section.

16.6.1. Maintenance
For commercial aircraft, a periodic maintenance schedule is used. In the USA, a Continuous Airworthiness Maintenance
Program (CAMP) is established by each airline, as required by the FAA. An ’ABC check system’ is used to perform the
periodic maintenance checks. Starting at lighter and more frequent checks (A) up until heavier scarce checks (D) that will
be discussed in this subsection.

A-checks
Every 400 to 600 flight hours, an A-check is performed. During this check, filters are changed and critical systems are
checked and lubricated. Furthermore, emergency equipment is subjected to detailed inspection. B-checks have been
merged into A-checks and are no longer performed separately. B-checks are performed every 6-8 months and consist of
checks related to corrosion, fluid leakage or possible torquing of the nose landing gear.106

C-checks
C-checks are performed every 18-24 months and keep the aircraft grounded for up to three weeks. Approximately 6000
maintenance hours are spent on tasks such as lubrication of fittings and cables, but also inspection of structures.
106https://simpleflying.com/aircraft-maintenance-checks/
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D-checks
Finally, D-checks are performed. These are the heaviest maintenance checks due to performed activities, a large number
of man-hours and high associated costs. This check is performed every 6-10 years, depending on the aircraft. 30,000 up
to 50,000 maintenance hours are needed over a period of 4-6 weeks. During this check, the entire aircraft is stripped down
and all equipment is inspected. Often, airlines refurbish and upgrade the aircraft interior during this check as well.107

Total pricing
As investigated in the midterm report, the total cost of maintenance is estimated to be between 35-40 million USD during
the lifespan of the plane [13].

Table 16.3: Maintenance level with projected cost and time.106

Maintenance level Occurrence Time out of
service Approximate cost

A Every 8-10 weeks up to 24 hours USD 1-5 thousand
B Every 6-8 months up to 72 hours USD 1-5 thousand
C Every 18-24 months 4 weeks USD 2-3 million
D Every 6-10 years 6-8 weeks USD 3-6 million

16.6.2. Consumptions
Ensuring that enough consumptions are present is an essential part of accommodating a comfortable flight. For healthy
humans, 35 ml of water is needed per kg of body weight per day.108 For 212 passengers and crew of an average weight of
75 kg, this results in 650l of fluids (incorporating a small safety margin). Assuming 1 kg of food is eaten per day, 250kg
of food is necessary to be aboard the plane. Accounting for all packaging, the total weight involved with consumption on
a plane will be 1000 kg. The WorldBus shall transport 83 business class passengers and 117 economy class passengers.
As the flight will take about 20 hours, 3 meals are served per flight. For an economy meal, this equates to 10.50 USD per
flight and for business class 33 USD.109 This results in 11700 USD cost per flight.

16.6.3. Cabin crew and pilots
For a flight of 200 passengers, the FAA has determined requirements for the number of flight attendants necessary. 1 crew
member per 50 passengers. However, as the duration of this flight approaches 20 hours, the crew members should work in
shifts. This results in 2 cabin crewmembers per 50 passengers, or 8 cabin crewmembers in total.110 For commercial flights,
it is necessary to have two pilots available at all times, therefore, if working in shifts, the WorldBus shall accommodate
for 4 pilots.

16.7. Hydrogen usage
As WorldBus will make use of hydrogen, it is important to investigate operations related to the use of hydrogen. How is it
produced and transported to the airport and how will the airport store the hydrogen in a safe and sustainable way? These
major questions will be answered in this section.

16.7.1. Hydrogen production
Before looking into the production of hydrogen, it should be noted that different types of hydrogen exist. The major types
are green, blue and grey hydrogen. Green hydrogen is made from clean electricity such as solar or wind power. This is
the preferred way of production as it emits zero-carbon dioxide during this process. Unfortunately, due to the high costs,
this is not majorly used today. However, it is expected to become more commonly used in the future [73].

Next, blue hydrogen can be produced. This is done bymixing natural gaswith steamedwater. Thismethod yields hydrogen,
but carbon dioxide as well. Blue hydrogen production does make use of a carbon capture and storage method to trap this
greenhouse gas.

Lastly, grey hydrogen is the final type of artificial hydrogen production. As of today, this is the most common form of
hydrogen. Grey hydrogen is produced in the same way as blue hydrogen with the only difference being that the carbon
107https://www.naa.edu/types-of-aviation-maintenance-checks/
108https://www.brita.nl/ervaring-brita/persoonlijke-hydratatie-behoeften#:~:text=Hoeveel%5C%20moet%5C%20ik%5C%

20elke%5C%20dag,80%5C%20kilo%5C%202%5C%2C8%5C%20liter.
109https://www.news.com.au/travel/travel-advice/flights/what-you-never-knew-about-your-inflight-meal/news-story/

8b8c3cc890bda20746c245268ba1eb4d
110https://www.faa.gov/about/initiatives/cabin_safety
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dioxide is not captured and stored but rather being emitted. Due to it being priced about 1.5 to 6 times lower than green
hydrogen, it is so often used [74].

When analysing research conducted by IRENA, it is believed that in the long term, an 80% reduction in costs can be
achieved [73]. Another analysis performed by Wood Mackenzie expects a cost reduction of 64% for green hydrogen in
2040 and 82% cost increase for grey hydrogen and 59% for blue hydrogen.111 Therefore, it is expected forWorldBus to use
only green hydrogen, resulting in a major improvement in sustainability which has been analysed in depth in Chapter 15.

As of today, close to no airports have incorporated an infrastructure for hydrogen. However, Airbus and Linde have
entered into an agreement to work on the development of hydrogen infrastructure at airports. The aim is to accommodate
hydrogen-powered commercial aircraft from 2035 onwards, worldwide. As WorldBus aims to enter the market in 2040,
it is expected that there is a hydrogen infrastructure to make use of.

16.7.2. Hydrogen storage
In order to ensure safe hydrogen storage at the airport, multiple solutions exist. As WorldBus will fly on liquid hydrogen,
only storage tank that store liquid hydrogen are considered. The safety of these tanks in case of a fire or over-pressure is
ensured by a pressure relief valve (PRV), which is used to relieve the pressure safely in the hydrogen tank. Furthermore,
even though the liquid hydrogen will be stored at cryogenic temperatures, boil-off is something to account for. Venting is
used to ensure this boil-off is safely mitigated [75].

16.8. Conclusion and recommendations
This chapter has investigated multiple innovations increasing the sustainability of aircraft and/or reducing queuing times
at airports. Using both an EGTS and a GPU contributes towards lower emissions during total flight operations and would
significantly reduce fuel emissions and noise emissions around airports. In Figure 16.1, the timeline is given for passenger
operations at airports for the travelling group as a whole. For the WorldBus mission, it is possible to complete these
passenger operations quicker than the reserved timeline, thus reducing total travel time as explained in Figure 16.4. In
2040, to account for all types of passengers, it will be advised to arrive 2 hours prior to departure in order to comfortably
catch the flight. If people would enjoy performing leisure activities and/or shopping at the airport, they should arrive
earlier. This advice only takes the necessary operations into account.

Recommendations can still be made for further investigation into mission-related operations:

• Researching the possibility of pilots keeping steering control after attaching the plane to an external EGTS.
• More research should be performed regarding the optimization of baggage handling at airports to reduce waiting
times.

• Further investigating the development of hydrogen infrastructure at major airports worldwide.

111https://www.woodmac.com/press-releases/green-hydrogen-costs-to-fall-by-up-to-64-by-2040/

https://www.woodmac.com/press-releases/green-hydrogen-costs-to-fall-by-up-to-64-by-2040/
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Design sensitivity analysis

To find whether the current WorldBus design is a sound culmination of all the user requirements, a sensitivity analysis
is performed. If a slight variation of input parameters or requirements results in a radically altered WorldBus design,
the design is deemed sensitive, which is not preferable as it suggests the design is not optimised for its specific mission.
Preferably, the design changes slightly with a slight input change.

To perform the sensitivity analysis, a number of parameters are varied a step in both the positive and negative reaction
direction. For each of these altered parameters, the entire design iteration is reperformed. The MTOW of the aircraft
is monitored for change, as all aircraft parameters influence the MTOW, either directly or indirectly. Furthermore, the
MTOW directly influences both productional and operational cost. Using this method, the effect the parameters have on
all design aspects become immediately apparent, as the MTOW is affected by every single subsystem and design calcu-
lation. Furthermore, the wingspan is directly influenced by the MTOW and the planform design, which can additionally
indicate an issue if it does not change in line with the MTOW.

17.1. Range
As determined by user requirement REQ-PERF-1, the WorldBus range needs to be 19 000 km. This results in a large
amount of required fuel, a large fuel tank, and thus a long fuselage. To find the hypothetical size and MTOW of the
aircraft with an altered range, the iterations are repeated for a range of 18 000 km and 20 000 km. The results can be found
in Table 17.1

Table 17.1: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Range [km] Change MTOW [mt] Change Span [m] Change
18 000 - 5.3% 215.2 - 3.8% 70.5 - 2%
19 000 - 223.8 - 71.9 -
20 000 + 5.3% 238.4 + 6.5% 74.2 + 3.2%

As is shown in Table 17.1, the MTOW and wingspan are exponentially correlated with the range. For an increasing range,
the MTOW increases with growing increments. This is in accordance with the effect of the ‘snowball effect’. The lowest
range of 18 000 km intuitively results in a lowerMTOW. However, it does not comply with user requirement REQ-PERF-1.
The decrease in MTOW is relatively small and in proportion, indicating that the design is not highly sensitive to changes
in range. Therefore, it is deduced that the range requirement is appropriate and does not need to be negotiated about with
the user.

17.2. Flight velocity
As determined by user requirement REQ-USER-BUD-01, the airport door-to-door travel time should not exceed 24 hours.
Taking into account the operational limitations as defined in Chapter 16, the flight time is limited to approximately 20.5
hours, as defined in Section 16.5. This requires the cruise velocity to be at least 265m/s. To investigate the effect of the
cruise velocity on theWorldBusMTOW, design iterations are performed using cruise velocities of 245m/s and 285m/s. A
velocity of 245m/s will not comply with user requirement REQ-USER-BUD-01. The results are displayed in Table 17.2.
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Table 17.2: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Flight velocity [m/s] Change MTOW [mt] Change Span [m] Change
245 - 7.5% 229.2 + 2.4% 72.8 + 1.3%
265 - 223.8 - 71.9 -
285 + 7.5% 205.1 - 10.5% 68.8 - 4.3%

The differences between the MTOWs included in Table 17.2 are within the expected order of magnitude. No unexpected
deviations in the results appear, so the input parameter of flight velocity is deemed to be sound and not overly sensitive.
Furthermore, Table 17.2 shows that a decreased flight velocity of 245m/s is not optimal. This can be justified as the
aircraft will need to fly at a lower altitude of 8.4 km to achieve the designated range optimally. This will not comply
with REQ-USER-BUD-01. Flying at a higher velocity of 285m/s solves these issues. The optimal altitude increases to
10.8 km and the weight and size of the aircraft decrease significantly. However, as research in Section 15.3 uncovered,
altitudes above 9 km do not comply with REQ-USER-SUS-01 and thus, velocities above 265m/s, are unfeasible for this
mission.

17.3. Flight altitude
As briefly mentioned in Section 17.2, the driving forces behind the decision on flight altitude are the benefits for efficiency
of high-altitude flight and user-derived requirements REQ-SUS-ENRG-1 / REQ-SUS-ENRG-2, which dictate that oper-
ational flight needs to be at least 90% less GWP emitting than a similar counterpart aircraft. Above altitudes of 9000m,
the GWP of emitted NOx and H2O gases greatly increases, which limits the design altitude. Furthermore, high-ground
speed flight is most fuel efficient at high altitudes, which is why a lower altitude is not selected for the design altitude.
Nevertheless, the aircraft design for altitudes of 8000m and 10 000m will be investigated to verify whether its impact on
the design in general. The results can be found in Table 17.3.

Table 17.3: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Flight altitude [m] Change MTOW [mt] Change Span [m] Change
8 000 - 11.1% 233.5 + 4.3% 73.5 + 2.2%
9 000 - 223.8 - 71.9 -
10 000 + 11.1% 212.0 - 9.2% 70.0 - 2.6%

The differences between the MTOWs included in Table 17.3 are within the expected order of magnitude. Moreover, the
found variation is predominantly linear. No unexpected deviation appears in the results, so the input parameter of flight
altitude is deemed to be sound and not overly sensitive. A higher altitude allows for a higher ground speed and thus a
shorter flight, decreasing the needed fuel and decreasing the MTOW. The worse result for the flight altitude of 8000m
is realistic for the same reasoning. Hence, the outcome of the sensitivity analysis is sensible and trustworthy. Table 17.3
also shows that the current WorldBus design altitude of 9000m is not the option with the lowest MTOW. A higher altitude
allows for a higher ground speed and thus a shorter flight, decreasing the needed fuel and decreasing theMTOW. The worse
result for the flight altitude of 8000m is realistic for the same reasoning. Hence, the outcome of the sensitivity analysis is
sensible and trustworthy. However, requirement REQ-SUS-ENRG-1 / REQ-SUS-ENRG-2 would not be complied with
at an altitude in excess of 9000m. Therefore, the WorldBus design altitude is situated at the optimal design point.

17.4. Number of passengers
Another user requirement is that of a minimum passenger count of 200 (REQ-OPS-CMF-1). The current WorldBus design
closely adheres to this number. However, the overall payload weight and fuselage length are directly influenced by the
passenger count. Therefore, the number of passengers will be investigated by means of a sensitivity analysis, where the
required number of 200 pax will be compared to that of 180 pax and 220 pax. It is worth noting that the passenger count not
only influences the weight and size of the aircraft, but also either the price of a ticket or the gross revenue of the operator.
The results of the sensitivity analyses can be found in Table 17.4.
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Table 17.4: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Passenger number [-] Change MTOW [mt] Change Span [m] Change
180 - 10.0% 220.7 - 1.4% 71.4 - 0.7%
200 - 223.8 - 71.9 -
220 + 10.0% 239.1 + 6.8% 74.3 + 3.3%

The differences between the MTOWs included in Table 17.4 are within the expected order of magnitude. A peculiar
variation in the sensitivity analysis is the difference in MTOW change for the passenger reduction and the passenger
increase. This is most likely caused by the increased c.g. shift, resulting from the addition of passengers in the front cabin.
Taking this into account, no unexpected deviation appears in the results, so the input parameter of passenger number is
deemed to be sufficiently sound and not overly sensitive.

Furthermore, Table 17.4 shows that the aircraft design for fewer passengers than the existing design is lighter, which
intuitively makes sense. A lower payload weight and less fuselage space required add up to a significant decrease in
MTOW. Hence, a larger MTOW for more passengers makes sense in the same manner. However, as requirement REQ-
OPS-CMF-1 requires 200 pax as a minimum, the current WorldBus design is situated at the optimal design point for
compliance with the requirement.

17.5. Aspect ratio
The aspect ratio is not constrained by a user requirement. However, one of the main benefits of the truss-braced wing
design is its capability to be more slender than a comparable wing. This increases its aspect ratio, which increases the
lift over drag and allows for more fuel efficient flight. The aspect ratio directly influences the wingspan, as the wing area
is fixed by the required amount of lift. Therefore, the aspect ratio is constrained by the maximum wingspan, which is
defined by the maximum available width at airport aprons of 80m as described in Section 2.2. Therefore, the design point
is situated close to this constraint. Nevertheless, a sensitivity analysis is performed for the aspect ratio. As the aspect ratio
of the WorldBus design is fixed at 14, the sensitivity analysis will be performed for aspect ratios of 12 and 16. The results
are displayed in Table 17.5.

Table 17.5: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Aspect ratio [-] Change MTOW [mt] Change Span [m] Change
12 - 14.3% 217.1 - 3.0% 65.6 - 8.8%
14 - 223.8 - 71.9 -
16 + 14.3% 249.2 + 11.3% 81.1 + 12.8%

The differences between the MTOWs included in Table 17.5 are within the expected order of magnitude. Moreover, the
found variation is predominantly linear. A lower aspect ratio decreasing the MTOW was, however, not expected. It was
expected that the reduction in flight efficiency would be more expensive than the added benefit of a shorter, and thus,
lighter wing, but that is not the case. An explanation that is considered is that the effect of assumption AS.WB.GEOM.2
(constant wingbox thickness) is overturning the positive effects of a high aspect ratio. During the design phase, a fixed
aspect ratio was selected based on available literature. It is recommended that the aspect ratio is investigated further as a
variable parameter in future design stages. Taking this into account, the input parameter of the aspect ratio is deemed to
be sound and not overly sensitive.

17.6. Tank placement
The tank placement is another parameter that is not constrained or restricted by any high-level requirements. Instead, its
placement strongly influences the centre of gravity variation of the aircraft, and thus dictates the design and placement of
aerodynamic surfaces, namely the empennage and the wing. Furthermore, the current design of the two cabins and the
tank in between stems from emergency exit requirements and crew requirements. It is not a trivial task to reposition seats
from one cabin to the other without losing efficiency in terms of personnel additional emergency exits. Nevertheless, a
sensitivity analysis is performed to find the variation in aircraft weight and size for altered tank placements. As the centre
of gravity of the main tank is located at 32m from the aircraft nose, it will be analysed for a centre of gravity at 30m and
34m. The results can be found in Table 17.6.
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Table 17.6: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Longitudinal dist. from Change MTOW [mt] Change Span [m] Change
AC nose to tank C.G. [m]
30 - 6.3% 230.3 + 2.9% 73.0 + 1.5%
32 - 223.8 - 71.9 -
34 + 6.3% 229.5 + 2.5% 72.8 + 1.3%

The differences between the MTOWs included in Table 17.6 are within the expected order of magnitude. Moreover, the
found variation shows very similar behaviour in both the tested tank location directions. It makes sense for the tank location
to increase the MTOW if moved in any direction at all. The altered locations result in a repositioning of the aircraft centre
of gravity. In turn, this requires a more substantial empennage and increases drag. No unexpected deviation appears in the
results, so the input parameter of flight altitude is deemed to be sound and not overly sensitive. Furthermore, Table 17.6
shows that the current design parameter is the most optimal outcome of the sensitivity analysis. This indicates that the
tank placement is correctly optimised.

17.7. Wing placement
Lastly, the wing placement is a factor which heavily influences the aircraft centre of gravity, the aircraft scrape and tip-
back angles, the empennage sizing and design, and the aircraft flight performance in general. The placement of the wing
is based mostly on an appropriate distance between the aerodynamic centre and the aircraft centre of gravity. In this way,
it has a significant effect on many flight dynamics properties of the aircraft. A sensitivity analysis is performed for the
wing placement. The locations of the subsystems that are part of the wing group will not change with respect to the wing
during this analysis. Instead, XLEMAC , the longitudinal distance between the aircraft nose and the leading edge mean
aerodynamic chord, will be positioned at 28m and 32m, as it is located at 30m in the WorldBus design. The results can
be found in Table 17.7.

Table 17.7: Results of the passenger number sensitivity analysis. The WorldBus design parameter is indicated in grey. An increase in weight and size
is indicated in orange, a decrease in weight and size in green.

Longitudinal dist. from Change MTOW [mt] Change Span [m] Change
AC nose to LEMAC [m]
28 - 7.1% 231.3 + 3.4% 73.1 + 1.7%
30 - 223.8 - 71.9 -
32 + 7.1% 230.8 + 3.1% 73.0 + 1.5%

A similar result to Section 17.6 is seen in Table 17.7. The found variation shows very similar behaviour in both wing
displacement directions. It makes sense for the wing placement to increase the MTOW if moved in any direction at
all. The altered locations result in a repositioning of the aerodynamic centre. In turn, this requires a more substantial
empennage and increases drag. Furthermore, moving the wing forward will destabilise the aircraft, as the distance between
the aerodynamic centre and the aircraft centre of gravity decreases or ‘becomes negative’. The differences between the
MTOWs included in Table 17.7 are within the expected order of magnitude. No unexpected deviation appears in the
results, so the input parameter of flight altitude is deemed to be sound and not overly sensitive. Lastly, Table 17.7 shows
that the current design parameter is the most optimal outcome of the sensitivity analysis. This indicates that the wing
placement is correctly optimised.

17.8. Conclusion and recommendations
The sensitivity analyses performed in Section 17.1 up until Section 17.7 provide a variation of results. Section 17.1,
Section 17.2, Section 17.3, and Section 17.4 show that the WorldBus design is not necessarily the most efficient design
in the broad sense, but that it is optimised well and it is the lightest design within the constraints as posed by the user
requirements for a number of parameters. Section 17.6 and Section 17.7 show that the WorldBus design is optimised well
for the tank and wing placements, as the current design presents the lightest solution. Lastly, Section 17.5 shows that the
WorldBus design may not be designed with an optimal aspect ratio or that assumptions are creating noises in the results.
However, the current WorldBus design seems to be somewhat overdesigned as a result of the aspect ratio assumptions,
which should not give feasibility problems in later design stages. Furthermore, none of the sensitivity analyses show an
unreasonable or out of proportion design reaction to the slight changes in parameters, as can also be seen in the percentage
change overview in Table 17.8. This strongly indicates that there are no unnoticed design issues, mistakes, or inaccuracies
which may lead to large unexpected changes in later design stages.
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To increase the soundness and stability of the WorldBus aircraft design in future stages of the development phase, a single
recommendation is made:

• Perform further analysis into the effects of ‘decision parameters’ (parameters which are determined by a design
choice) is performed throughout the early stages of the design process. This would include parameters such as the
aforementioned aspect ratio, the taper ratio, the dihedral angle, and the maximum landing weight.

Table 17.8: A tabular overview of all percentage outcomes of the sensitivity tests as performed in Chapter 17.

Parameter Parameterchange Max.MTOWchange Max.spanchange
Range ± 5.3% + 6.5% + 3.2%
Flight velocity ± 7.5% - 10.5% - 4.3%
Flight altitude ± 11.1% - 9.2% - 2.6%
Passenger number ± 10.0% + 6.8% + 3.3%
Aspect ratio ± 14.3% + 11.3% + 12.8 %
Tank placement ± 6.3 % + 2.9 % + 1.5%
Wing placement ± 7.1% + 3.4% + 1.7%
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RAMS

In this chapter, the reliability, availability, maintainability and safety (RAMS) characteristics are showcased. RAMS
characteristics are important to any engineering design and the analysis plays a vital role in making sure that a design has
the most optimal and safe performance. For WorldBus, every part of RAMS will be treated separately and each aspect will
focus on systems that are novel applications of engineering solutions. So, systems that do not have extensive in-flight track
records. For other systems safety regulations still need to be adhered to, but as they are common, proven technologies,
they will not be addressed separately in this chapter.

18.1. Reliability
The first part of RAMS characteristics is the reliability of the system. Reliability is defined as the ability of a system to
perform a specific function within a certain time period.112 In other words, the system perform its function without failing.

Fuselage
WorldBus uses CFRP due to weight limitations. Additionally, CFRP is quite a beneficial material due to it being a stronger
material than aluminium and GLARE, but also it being corrosion-resistant. Furthermore, it has low degradation due to
its high chemical resistance and performance in harsh environments. Due to these characteristics, it requires less regular
maintenance. 113

Hydrogen sensors
WorldBus makes use of novel optical fibre hydrogen sensors, based on tantalum and palladium. These sensors have higher
reliability than traditional hydrogen sensors, do not require high temperatures to operate, and can detect hydrogen at very
low pressures [76]. By employing multiple sensors for both the main tank and the secondary tank, it is ensured that
hydrogen leaks in the fuel tanks can be detected reliably and quickly.

Vents
Venting must be possible when the tank pressure surpasses the upper limit. However, the vent comes with some issues.
In this particular case, the vent must only allow a flow of hydrogen from inside the tank towards the outside and prevent
backflow of air into the tank. This can be prevented using backflow preventer valves. The conditions matter as well. If
hydrogen is released in a moist environment, the valve operating the vent might freeze. Measures to counter this are yet
to be developed. Finally, in the case released hydrogen catches fire, the surrounding structure must be prevented from
damage. This can be achieved by installing a flare trap such that fire damage towards the surrounding is minimised.

Plumbing
The WorldBus plumbing (feed lines and valves) is also subjected to extremely low temperatures. The hydrogen boil-off
will be transported through the lines, with temperatures ranging between 20K at the tank exit to 150K at the engine
entrance. The plumbing will use a similar insulator configuration as the tank insulation such that other lines and wiring
do not freeze due to the low temperatures in the fuel lines.

Truss support
The truss support system is responsible for carrying a large part of the loads that act on the wing. Failure of this structure
could lead to failure of the entire system as the wing is not designed to carry the loads without the truss. In order to ensure
that the truss system is reliable, a safety factor of 1.5 was applied to the ultimate load expected on the truss. Moreover,
conservative assumptions were made when designing the truss structure making sure that this structure will be reliable.
112https://www.ntnu.no/c/document_library/get_file?uuid=79d5e80e-5cf7-4923-a3d7-0cb8792db310&groupId=10389
113https://www.nitprocomposites.com/blog/how-durable-and-reliable-is-cfrp
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Taxiing system
The new taxiing system as discussed in Subsection 16.1.1 showcased how EGTSwould be employed at airports to facilitate
more sustainable taxiing procedures. The reliability of the system itself of course depends on the design of those systems.
However, WorldBus still has the capability to taxi using its own propulsion system, so fundamentally it does not affect the
system’s reliability to taxi to and from the gate.

Rolls-Royce Trent 1000R
The Rolls-Royce Trent 1000R has had some reliability issues in the past. These issues included engine blades that could
crack more quickly due to pollutants in the air, high-pressure blades that were not cooled properly, and issues with the
resonance frequency of the engine.114 However, since then, these issues have been mitigated and the Rolls-Royce Trent
1000R now boasts dispatch reliability of 99.9%.115

18.2. Availability
The second part of RAMS is availability. This is defined as the ability to keep a functioning system in the current envi-
ronment.112 Of course, availability is related to reliability, as a reliable aircraft is available for use. However, it is also
important that the support systems that WorldBus require to function are also available. For instance, spare parts that are
needed for repair, or the hydrogen fuel itself that is required to power the engines. This section showcases aspects of the
WorldBus design that require extra attention in terms of availability.

Carbon fibre
Since a large part of the WorldBus design is made from carbon fibre, and production will not start until late 2030, it is
important that enough carbon fibre will be available at a low enough cost. It is expected that the cost of carbon fibre will
go down as more efficient production techniques arise and the ability to recycle increases.116

Spare parts
The availability of spare parts for the WorldBus aircraft will be significantly lower than that of other conventional aircraft.
When an element of the aircraft is specifically designed and manufactured for the use of liquid hydrogen, take specific
components of the engine or fuel tank for example, then new parts would have to be manufactured which means that the
reparation of the aircraft would have to wait. This could be solved by manufacturing spare parts to be prepared for such
occurrences, this has as a downside that these parts would have to be stored somewhere which is undesirable.

Hydrogen
The availability of hydrogen is crucial for the success of WorldBus as it is needed to fuel the aircraft. Currently, hydrogen
is relatively expensive and most hydrogen is produced from natural gas and coal, with only 0.1% of the total production
coming from water electrolysis. This results in hydrogen production emitting as much CO2 as the United Kingdom and
Indonesia combined. However, it is estimated that as renewable energies become even more popular and widespread, the
cost of hydrogen production could fall by 30% by 2030 and green production will increase.117

Fuelling system
Complete fuelling systems and fuel storage systems that are applicable for the use of liquid hydrogen would have to be
operational and available at airports by 2040. Nowadays, liquid hydrogen is already being used as rocket propulsion. This
means that storage and fuelling systems already exist for such applications.118 Applying this to the aeronautic industry
should not be a problem if sufficient storage system are available at airports.

Rolls-Royce Trent 1000R
WorldBus relies on the availability of modified Rolls-Royce Trent 1000R Engines for production. The kerosene-powered
Trent 1000s are used to power the Boeing 787. Since this aircraft is still in production, it is safe to assume that Rolls-Royce
is still producing these engines and that as such, WorldBus will be able to order engines. After delivery, the engines will
be modified to run on liquid hydrogen.119

18.3. Maintainability
In this section, the maintainability of WorldBus is discussed. Good maintainability means that the aircraft can easily and
timely be expected. This includes the servicing, inspection and repair of WorldBus systems.112

114https://simpleflying.com/rolls-royce-trent-1000-solved/
115https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#section-overview
116https://www.infosys.com/engineering-services/white-papers/documents/carbon-composites-cost-effective.pdf
117https://www.iea.org/reports/the-future-of-hydrogen
118https://www.nasa.gov/feature/innovative-liquid-hydrogen-storage-to-support-space-launch-system
119https://www.reuters.com/business/aerospace-defense/boeing-has-boosted-787-dreamliner-production-rate-four-

month-company-says-2023-05-30/#:~:text=In%20April%2C%20the%20company%20said,of%20these%20jets%20in%202023.&text=
Our%20Standards%3A%20The%20Thomson%20Reuters%20Trust%20Principles.

https://simpleflying.com/rolls-royce-trent-1000-solved/
https://www.rolls-royce.com/products-and-services/civil-aerospace/widebody/trent-1000.aspx#section-overview
https://www.infosys.com/engineering-services/white-papers/documents/carbon-composites-cost-effective.pdf
https://www.iea.org/reports/the-future-of-hydrogen
https://www.nasa.gov/feature/innovative-liquid-hydrogen-storage-to-support-space-launch-system
https://www.reuters.com/business/aerospace-defense/boeing-has-boosted-787-dreamliner-production-rate-four-month-company-says-2023-05-30/#:~:text=In%20April%2C%20the%20company%20said,of%20these%20jets%20in%202023.&text=Our%20Standards%3A%20The%20Thomson%20Reuters%20Trust%20Principles.
https://www.reuters.com/business/aerospace-defense/boeing-has-boosted-787-dreamliner-production-rate-four-month-company-says-2023-05-30/#:~:text=In%20April%2C%20the%20company%20said,of%20these%20jets%20in%202023.&text=Our%20Standards%3A%20The%20Thomson%20Reuters%20Trust%20Principles.
https://www.reuters.com/business/aerospace-defense/boeing-has-boosted-787-dreamliner-production-rate-four-month-company-says-2023-05-30/#:~:text=In%20April%2C%20the%20company%20said,of%20these%20jets%20in%202023.&text=Our%20Standards%3A%20The%20Thomson%20Reuters%20Trust%20Principles.
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Fuselage
As the exterior of the fuselage is made of CFRP, the maintainability differs from conventional aircraft. As CFRP is
stronger compared to its metal counterpart and since it is not fatigue-prone, less maintenance is required. However, damage
may not be as visual as in conventional metallic structures, as the damage could be present within the ply. Therefore,
different detection methods are possible. Detection of issues within the structures is mainly observed using acoustic
devices. Depending on the size and location of the damage, different repair approaches are applicable from surface repairs
to repairs within the ply.

Fuel tank
Integral fuel tanks must have facilities for interior inspection and repair (CS 25.963(c)) [18]. To allow for repairs and
maintenance, the tank has to be accessible for engineers, which is achieved by using the vents and valves that connect to
the tank. In case the tank is beyond repairable, the tank needs to be replaced. This can be achieved by having the aircraft
built sectionally, where one of the sections only contains the fuel tank. In case of replacement, two fuselage sections
around the tank can be disjoined to allow for this operation.

Truss
The maintainability of the truss should not pose any issues. The truss is a relatively simple structure that can be easily
inspected by a maintenance crew.

18.4. Safety
Due to the unconventional approach of the design, safety concerns arise that could be detrimental to the design if not taken
into account. The safety risks that differ from conventional aircraft are elaborated and solutions for those risks are given
and discussed.

Emergency tank
In case the main tank fails, and the liquid hydrogen has to be jettisoned, a secondary fuel tank is included in the design.
The secondary fuel tank is designed such that the aircraft is able to fly for an additional hour in cruise conditions, this gives
the pilots enough time to reach either the closest available airport or the safest available place to perform a crash landing.

Ignition of leaked fuel
In each area where flammable fluids or vapours might escape by leakage of a fluid system, there must be means to minimise
the probability of ignition of the fluids and vapours, and the resultant hazards if ignition does occur (CS 25.863). No
ignition source may be present at each point in the fuel tank or fuel tank system where catastrophic failure could occur
due to ignition of fuel or vapours (CS 25.981(a)) [18]. For these reasons, among other things, the fuel tanks are placed in
sealed compartments with no other components that could jeopardize the aircraft by igniting the hydrogen.

Jettisoning
In case of detection of hydrogen by the hydrogen sensors when leakage of the tank occurs, leakage in any other component
of the fuel system or in case of the loss in vacuum in the layer between the inner and outer tank of the primary fuel tank,
the liquid hydrogen in the primary tank is jettisoned into the environment. This is done using heating components in the
fuel tank that heats up and vaporises the liquid hydrogen that is then vented out of the fuselage.

Isolation
If leakage would occur, each fuel tank must be isolated from personnel compartments by a fume proof and fuel proof
enclosure (CS 25.967(e)) [18]. When leakage of the primary or secondary tank occurs the hydrogen is noticed with the
use of hydrogen sensors, the hydrogen is then vented into the environment using a venting system. In case of leakage, the
carbon fibre outer tank is designed to be airtight to keep the gaseous hydrogen inside. If leakage would also appear in the
outer tank, the bulkheads that isolate the fuel tanks from the passenger compartments are also designed to be airtight to
keep the hydrogen from reaching the passengers or crew members.

Fuel sloshing
Fuel sloshing can be problematic in aircraft as it introduces forces on the tank and aircraft and can change the location of
the centre of gravity, posing risks for the aircraft structure and stability if not taken into account. To prevent excessive
sloshing, baffles have been introduced in the primary and secondary fuel tanks.

One engine inoperative
The regulation for climbing with one engine inoperative states that in climb configuration, the aircraft should be able to
perform a specific climb gradient with one engine inoperative as percentages of the climb gradient with all engine operative
for different stages in take-off (CS 25.121) [18]. The engines chosen for this design perform well enough to take this into
account.
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Engine placement w.r.t. the truss
The engine placement on the wing has to be such that when the engine breaks off the wing, the engine should not hit the
truss and take the truss with it. Since this would be catastrophic for the aircraft as the wing will most likely fail without a
truss. The engine is placed in front of the quarter chord such that when the engine would break off, the engine would fly
forward and over the wing to avoid the truss getting hit.

Truss
The truss is of much importance in the structure of the wing. If the truss ended up failing, the wing would most likely
follow. Therefore, the truss is a safe-life design as structural failure in flight would be catastrophic.

Lightning
With the use of CFRP as the skin, the weight of the aircraft is significantly reduced. CFRP is however a poorer electri-
cal conductor than aluminium that is conventionally used as fuselage skin material. A protective system is included to
minimise the damage the lightning strike would have. A metal meshing is included in the skin to conduct the electricity
through the outside of the fuselage. Wire bundle shields are also implemented as additional protection in areas more prone
to lightning strikes.

Emergency exits
The entire aircraft, all passengers including crewmembers, should be able to be evacuatedwithin 90 seconds (CS 25.803(c))
[18]. Since the aircraft includes two cabins, the aircraft should comply with this regulation for both cabins. Each cabin
has been decided to have two type I exits on the lower floor and one type III exit on the upper floor, on both sides of
the aircraft. This results in six emergency exits for each cabin and 12 emergency exits for the whole aircraft. The type I
exits have also been made larger to make them more accessible. This all means that the design is over-redundant for the
regulations. This is done in case the configuration is changed for a lower range and more passengers are placed into the
cabins, in this instance, the aircraft design already complies with the emergency exit regulations.

Isolated cabin

Because the hydrogen tanks are placed in the middle of the fuselage the
rear cabin will be isolated from the front and from the cockpit. This was
isolated as a possible safety concern as moving crew and passengers be-
tween these sections would not be possible. However, some precedent for
isolated passenger cabins was identified. For example, the combi version
of the B737-400 has a cargo compartment separating the cockpit and the
rest of the cabin, as illustrated in Figure 18.1.a With no regulatory restric-
tions being identified regarding the separation of passenger cabins, and
plenty of emergency exits being available in both sections of the aircraft
to facilitate timely evacuation. There shouldn’t be any complications re-
garding this design choice.

ahttps://www.flickr.com/photos/richsnyder/12889744753/in/photostream/ Figure 18.1: B737-400 combi taking off

18.5. Conclusion
With the reliability, availability, maintainability and safety characteristics that are showcased, a clear picture is sketched of
possible downfalls, regarding these characteristics, one can expect when designing for a truss-braced wing configuration
aircraft that flies on liquid hydrogen. These downfalls are discussed and analysed, after which they are disproven to be of
any concern.



19
Risk management

In this chapter, both risks of the current design phase and those of future design phases of the project are identified. In
Section 19.1, the foundation of the risks is explained and in Section 19.2 the newly identified risks will be mentioned and
strategies to mitigate these risks are given.

19.1. General risks
The assessment of the technical risks in the previous section is based on three aspects: cost (R-C), scheduling (R-S), and
technical performance (R-P). Previously identified critical risks in the design were R-P-08 (Malfunctioning fuel system)
and R-P-09 (Malfunctioning structural system). R-P-08 is a critical system due to the use of hydrogen as fuel. As hydrogen
is the smallest molecule and as it is quite flammable, storage can be challenging. For R-P-09, identifying the potential
hazards with respect to the material choice is very important. Both metal alloys and composites have advantages and
disadvantages.

Mitigation for the original risks have been established in the baseline report [2] and midterm report [13].

As the WorldBus project has a fixed budget, the impact of cost is severe. If the costs exceed the budget, it may be
catastrophic for the project. Scheduling is considered as it is important to have a well-established timeline since time
influences the design and production quality. For technical performance, risks established in this aspect have an influence
could cause the the design to fail, but they also influence cost and scheduling as they also have a dependency on technical
performance.

The grading of the risks has been determined according to the following definitions. The definitions for the grades are
provided in Table 19.1 and Table 19.2.

Table 19.1: Definitions of likelihood [77]

Likelihood of occurrences

Grade Likelihood Definition Quantitative probability—Average
probability per flight hour

5 Frequent Happens almost every other flight Likelihood > 1× 10−3

4 Occasional Happens once or more during each air-
craft operational lifetime 1× 10−5< likelihood < 1× 10−3

3 Remote Unlikely, but possible to occur 1× 10−7< likelihood < 1× 10−5

2 Improbably Very unlikely to occur 1× 10−9< likelihood < 1× 10−7

1 Extremely
improbably Almost inconceivable to occur Likelihood <1× 10−9
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Figure 19.1:
Risk tree after identification of new risks. The coloured bars are the top level risks where the identifiers correspond to the same identifier in Figure 19.2.

Table 19.2: Definitions of impact [77]

Severity of impact

Grade Impact Level Definitions w.r.t technical perfor-
mance Definitions w.r.t time and costs

5 Catastrophic
Total aircraft destruction and multiple
fatalities or complete failure to achieve
the contracted task

Requiring immediate and very signifi-
cant deviation from project schedule or
budget, may result in project failure.

4 Hazardous

Severe impact on safety, potential for
multiple deaths and serious equipment
damage or high chance aircraft is
grounded

Requiring immediate significant devia-
tion from project.

3 Major
Significant impact on safety, potential
injury to people, serious incident, or
quite a significant delay

Requiring some deviation from project
schedule or budget.

2 Minor

Minor incident, operating limitations
or inconvenience, or small chance air-
craft cannot take off but experiences
slight delay

Manageable with meager deviation
from project schedule or budget.

1 Negligible Little consequence Little consequence.
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19.2. New risks
In the original risk identification, particularly the structures system (R-P-09) and the fuel system (R-P-08) are notable
systems, due to the novelty of the options used in WorldBus compared to conventional aircraft. In the final design phase,
more risks can be identified. Due to the design refinement, limitations in the design are more easily identified which
influence cost, compromising the project. The identified risks are evaluated and assigned to a sublevel risk. When a new
risk is identified, it will either be assigned to a sublevel or top-level risk. The following risks were newly identified.

• R-C-06: Incorrect market assessment (3 & 5)

• R-C-07: Increasing fares (4 & 2)

• R-S-01-4: Increased engine modification time (3 & 2)

• R-S-06: Maintenance delays (3 & 2)

• R-P-08-1-e: Unsuitable fuel conditions (1 & 4)

• R-P-09-8: Pylon failure (1 & 4)

• R-P-10.1-7: Fuel sensor failure (2 & 3)

• R-P-11-3: Defect lavatories (1 & 3)

• R-P-11-4: Malfunctioning cabin screens (2 & 4)

In these newly identified risks, the scores behind the risk indicate the likelihood and impact, respectively. So for R-C-06
(3 & 5), it means the likelihood is graded of 3 and the impact a score of 5 according to Table 19.1 and Table 19.2 . The
identified risks cause shifts in the previous risk map and therefore, new mitigation is required for the more critical ones.
Only the top-level risks are displayed. The risk map, based on the new risks, is found in Figure 19.2. Furthermore, in
Table 19.3 and Table 19.4, the new risks are mitigated and their contingency explained.

Figure 19.2: WorldBus risk map before mitigation strategies have been applied.

Figure 19.3: WorldBus risk map after mitigation strategies have been applied.
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Table 19.3: Risk mitigation for the considered systems after new risk identification, part 1

Identifier Issue Likelihood mitigation Impact mitigation

R-C-06 Incorrect market
assessment

In order to mitigate the likelihood
of a wrong market analysis, it is
useful to analyse multiple scenarios;
pessimistic and optimistic, to make
sure the project is still profitable for
a wide variety of market conditions,
like a stagnant market, smaller mar-
ket than expect, or vacant seats etc.

Allowing the interior of the aircraft
to be modular, the configuration can
then be adapted to the true mar-
ket. This would allow the World-
Bus project to appeal to a wider mar-
ket, and be profitable for these var-
ious market conditions, mitigating
the impact of changes in market.

R-C-07 Increasing fares

Usually, increasing prices are sim-
ply the result of a change in the
global economy and unfortunately,
that cannot be mitigated.

Fuel hedging contracts and multiple
crew bases are ways of mitigating
the impact of rising fares. interna-
tionally

R-S-01-4 Increased engine
modification time

The likelihood can be mitigated by
building prototypes before produc-
tion is set to commence. This would
allow for obtaining a more efficient
engine and better understanding of
all subsystems, speeding up the pro-
cess.

The impact could be mitigated
by communicating with the engine
manufacturer for a separate produc-
tion line, such that specific engines
are built rather than having to mod-
ify each engine continuously.

R-S-06
Additional main-
tenance due to
new design

In order to mitigate the likelihood of
additional maintenance, predictive
maintenance could be used. From
analysis, it has been established at
what moment certain systems tend
to become weaker and using this
type of maintenance this is averted
as it is performed prematurely, al-
lowing for safer operations and pre-
venting the aircraft from being out-
of-service for a longer period of
time

The impact of additional mainte-
nance can be mitigated by having
the parts and tools available at every
location. Using this, maintenance
can commence almost immediately,
minimising the delay and allowing
the aircraft to return to service as
soon as possible.

R-P-08-1-e Unsuitable fuel
conditions

In order to mitigate the likelihood of
unsuitable fuel conditions, the pilots
need to check the fuel conditions at
multiple moments during the flight.
This would allow for safer opera-
tions and appropriate responses as
the crew is aware of the conditions
of the fuel.

To mitigate the impact of fuel not
having the desired conditions, the
fuel would be rerouted through addi-
tional heaters and compressors until
the desired conditions are obtained,
allowing for safe continuous opera-
tions and minimising the risk of fuel
starvation.

R-P-09-8 Pylon failure

Likelihood mitigation is achieved
by inspecting the state of the py-
lons during maintenance, but also
quickly before flight. Visually, sub-
stantial issues can be prevented and
this allows for safe operations dur-
ing its lifetime. Furthermore, they
could be designed with a safety fac-
tor such that the risk of operating
close to the limit is reduced.

To mitigate the impact of pylon fail-
ure, the pylons need to be designed
in such a way that the engines fly
over the wing when they disconnect.
This minimises the risk of obtaining
substantial damage to the structure.
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Table 19.4: Risk mitigation for the considered systems after new risk identification, part 2

Identifier Issue Likelihood mitigation Impact mitigation

R-P-10.1-7 Fuel sensor fail-
ure

To mitigate the likelihood of the
fuel sensors and switches failing,
they are required to be inspected
during maintenance, due to the ex-
treme conditions they are subjected
to. This way the functioning can
be verified and this allows for safe
operation and minimising the likeli-
hood of faulty responses by the air-
craft and the crew.

The impact can be mitigated by hav-
ing the fuel system not being depen-
dent on a single sensor. Through
multiple readings, the actual con-
ditions are charted more accurately
and issues by one of the sensors
can be limited. This minimises the
effect on the aircraft made by the
faulty sensor(s) and allows safe ser-
vice.

R-P-11-3 Defect lavatories

Due to the length of the flight, the
toilets will be used more exten-
sively. This may cause clogging
of the plumbing. The likelihood
can be mitigated by clearing the
plumbing at every touchdown and
thoroughly cleaning the plumbing
at every maintenance round. Fur-
thermore, flight attendants can be
trained such that the most basic
plumbing issues can be sorted dur-
ing flight. This allows for a comfort-
able flight operation and minimises
the risk of having to make an emer-
gency stop.

By adhering to CS-25 regulation
with respect to the number of lavato-
ries, the impact can be mitigated by
having multiple lavatories available
per cabin section. Although having
less lavatories is less comfortable,
the aircraft can continue its service
and minimise the chance of having
to make an emergency landing.

R-P-11-4 Malfunctioning
cabin screens

In order to mitigate the likelihood
of malfunctioning cabin screens, it
is wise to check the screens while
the aircraft is in maintenance. In
maintenance the necessary electri-
cal tests can be performed, ensuring
the functioning of the screens dur-
ing continuous service

In the case of emergency situation
where the screens go dim, fluores-
cent paint could be applied that
some source of light is still present
in the cabin. This allows for passen-
ger to continue having visual orien-
tation.
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Compliance matrix

At the start of project WorldBus, user requirements have been provided and key requirements have been determined for
this mission. In the compliance matrix in Table 20.1, the requirements have been checked to determine if they are met by
the current WorldBus design. The table includes the requirement ID, the requirement description, the compliance status,
the risk associated with that status, the justification for the status and the risk, and any required action needed to meet the
status, if applicable.

Table 20.1: A compliance matrix which includes all user requirements for WorldBus. Colours are included to visually show the requirement statuses.

ID Requirement Compliance
status

Risk Justification Action

REQ-USER-PERF-01 The aircraft
shall be able to
fly 19 000 km
non-stop

Compliant Medium Section 12.3 shows the design
has a sufficient range. Any un-
foreseen increases in weight
in later design stages can harm
the range as there is no contin-
gency.

Focus on
lightweight
design and
develop
a weight
contingency
plan.

REQ-USER-PERF-02 The aircraft
shall be able to
fly 19 000 km
within 21 hours

Compliant Low Section 12.2 details the re-
quired speed and its achiev-
ability. There is some contin-
gency.

-

REQ-USER-PERF-03 The aircraft
shall accom-
modate for 200
passengers +
crew members

Compliant Low Section 13.1 accounts for 201
passengers and the minimum
required number of crew
members.

-

REQ-USER-SAF-01 The aircraft
shall meet the
minimum re-
quirements of
the EASA CS-
25 Certification
Specification
for Large
Aircraft

Compliant High The analysis of the safety reg-
ulations as performed in Sec-
tion 18.4 shows that World-
Bus is designed with the cur-
rently applicable regulations
in mind. All unprecedented
design choices are sufficiently
designed in accordance to the
safety regulations. The regu-
lations can be updated before
2040, however.

Stay up to
date with the
regulations,
stay in close
contact with
EASA.
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REQ-USER-SUS-01 The AC shall
produce 90%
less envi-
ronmentally
harming emis-
sions over its
entire life than
comparable
aircraft (A380,
B787)

Intend to
comply

Medium As Section 14.3, Section 14.3,
and Section 15.1, Sec-
tion 15.3, and Subsec-
tion 15.1.3 explore, an
operational emissions reduc-
tion of 90% is feasible and
improvements on end-of-life
and production emissions can
be made. However, to what
these will add up in 2040
remains somewhat unclear.
The operational emissions
make up the largest part of the
total, a high percentage there
can compensate somewhat
for other parts.

Further
research
is needed,
innovative
sustainable
production
methods and
strategies to
be devised.

REQ-USER-BUD-01 The aircraft
shall be able to
fly a minimum
of 4000 hours
per year

Compliant Low Aircraft operations (Chap-
ter 16) allow for 20 hour
flights within 24 hours. 4000
flight hours per year then
requires approximately 200
days.

-

REQ-USER-BUD-02 The aircraft
shall fly in
service for at
least 10 years
(lifetime of 40
000 hours)

Compliant Low The material choices and
planned production as de-
scribed in Section 14.1 and
Section 14.3 ensure great
longevity. Design focus on
maintainability ensures that
issues can be fixed.

-

REQ-USER-COS-01 Aircraft unit
price shall not
exceed EUR
484 million

Compliant Medium A new price of EUR 484 mil-
lion was decided on with the
customer, as EUR 250 million
was unfeasible. As most sub-
systems are overdesigned, the
cost is unlikely to further in-
crease in a later design stage.

-

REQ-USER-COS-02 A total of 300
aircraft shall be
manufactured
within a time
span of 20 years

Compliant Low After consulting the user, the
initial requirement of 500 air-
craft has been changed to
300. This new requirement is
met according to Section 14.2.
The business case is explained
in Section 4.3

-

REQ-USER-OTH-01 The first oper-
ational aircraft
shall be deliv-
ered by 2040

Compliant Medium A design outlook is devised in
Chapter 21.

-
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Future design phases

This chapter will discuss the future development strategy of WorldBus. The expected timeline is presented, taking the
following into account: research and development (R&D), developing a prototype, testing, and certifying, and, lastly,
manufacturing. Afterwards, this chapter is concluded by providing an operations and logistic concept description.

21.1. Project design and development logic
The project design and development logic is used to provide an overview of the to be performed activities after the com-
pletion of the design synthesis exercise. A user requirement for WorldBus is to enter service in 2040. This leaves the team
17 years to optimise and deliver the first batch of aircraft. In order to have an indication of the different stages of design
and actions necessary to achieve this, Figure 21.1 has been created.

Figure 21.1: Project design and development logic
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Figure 21.1 shows the top-level stages of design and the timespan assigned to each. The first phase, the research and design
phase, is expected to be finished within six years. In this phase, the preliminary design is further developed and researched
into a final design. Next, the prototype phase follows in which physical testing is performed on subsystems after which
a first prototype is created. For this phase, two years have been reserved. This prototype is then tested and certified in
the next phase over the course of six years, ensuring it is ready for the manufacturing phase of three years. However, for
a more detailed overview, each specific action has also been given a timespan in which it should be completed. This is
shown in the Gantt chart in Figure 21.2.

Figure 21.2: Project design and development logic Gantt chart
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21.2. Operations and logistic concept definition
The operations and logistic concept definition illustrates, through a block diagram, the support needed to complete the
mission. For WorldBus, maintenance and aircraft operations are analysed. Most operations have been discussed in detail
in Chapter 16 and are shown in Appendix A. This diagram, therefore, focuses on the main supporting operations as
displayed in Figure 21.3.

Figure 21.3: Operations and logistics diagram
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Conclusion and recommendations

So far, Chapters 2 - 7 have examined themission and project outline, Chapter 8 up until Chapter 14 explored and discussed
the detailed subsystem designs, and Chapter 20 up until Chapter 21 have examined the design in its final form. A clear
design for WorldBus has been established and a number of conclusions and recommendations have been made for the
various subsystems. This chapter aims tomake conclusions and recommendations about the preliminary design process and
its outcome as a whole. The conclusion is detailed in Section 22.1 and the recommendations are included in Section 22.2.
Furthermore, Table 22.1 is a conclusive parameter overview and can be found in Section 22.2 as well.

22.1. Conclusion
A conceptual design for a sustainable, ultra-long-haul aircraft has been created based on the framework created by the
10 initial user requirements. A novel aircraft was asked to fill the need for ultra-long-haul non-stop flight, with a radical
reduction in environmental impact of 90%. Furthermore, the flight duration may not exceed 24 hours, including operations
and passenger handling. The result is WorldBus, as shown in Figure 22.1

TheWorldBus design uses a truss-braced wing configuration, with a wingspan of 71.9mand amaximum take-off weight of
223.8mt. It is powered by two Rolls-Royce Trent 1000R engines modified for gaseous hydrogen combustion. The aircraft
will contain a 23.9m tank in between the fore and aft cabins, and the overall fuselage length is 75.3m. It is designed to fly
a distance of 19 000 km non-stop and will fly at a speed of Mach 0.87. An overview with the most important parameters
of WorldBus is included in Table 22.1.

Even though truss-braced concepts are increasingly envisioned in the contemporary aviation sector, their novelty and rare
usage come with design challenges as opposed to a less innovative design. Firstly, the increased aspect ratio results in a
slender wing with a large wingspan. For an aircraft with this range and a heavy LH2 tank, this results in an excessively large
wingspan. To avoid needing to use folding wings, a weight threshold was set to meet the maximum allowable wingspan of
80m. Furthermore, the need for a high-wing configuration removes the opportunity for efficient integration of the landing
gear in the wing. Fortunately, the truss structure is expanded and covered with a cowling near the fuselage to integrate the
main landing gear for improved aerodynamic efficiency.

Nevertheless, the innovative and unconventional design ofWorldBus allows it to fly with high aerodynamic efficiency due
to its high aspect ratio truss-braced wing. In addition, the mid-placement of the fuel tank enables a smaller empennage,
reducing its drag contribution. Lastly, the use of slightly modified existing combustion engines avoids additional R&D
costs and enables a high flight velocity. The culmination of this results in the possibility to emit 97% less GWP per
passenger per kilometer than comparable aircraft during operations.

As presented in Chapter 20, the conceptual design fully complies with seven of the ten initial requirements. Two require-
ments are complied with since negotiations about the requirements have been had with the user. The design currently
‘intends to comply’ with one requirement, intending to improve the compliance further in future design stages.

In order to determine the conceptual design’s performance regarding the user requirements, thorough research and design
was performed into finance, sustainability, and performance, among other disciplines. Major takeaways were that the
initial maximum required price of EUR 250 million (REQ-USER-COS-01) was unfeasible. The weight and amount of
material of the designed aircraft was too high to meet the low price production-wise. After negotiating with the user, the
maximum list price requirement was increased, allowing for the current list price of EUR 484 million. In addition, the total
required number of aircraft to be produced of 500 (REQ-USER-COS-02) was deemed too large for the existing market. In
agreement with the user, this was changed to 300 aircraft. Even though these initial requirements are not met, the financial
analysis (Chapter 4) concludes that an ROI of 20% to 96% is expected.

One other requirement is not yet being complied with; requirement REQ-USER-SUS-01 needs the aircraft to produce 90%
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fewer environmentally harming emissions over its entire lifetime. Even though Section 15.3 shows that such improvements
can be made for the operational part of the aircraft life, possibly with some margin, improvements in the production and
end-of-life processing of the materials that are used in WorldBus are not achievable to that extent with contemporary
technologies. Nevertheless, WorldBus is a conceptual design of an aircraft that can fly with near-zero operational emissions
andwhich provides a significant overall reduction in emissions, even if fewer improvements can bemade on other segments
of the aircraft lifetime. This major innovation will have significant implications for the aviation sector in general.

However, WorldBus does not conclude innovation in the aviation sector. The goal on the horizon will be to design and pro-
duce aircraft with an even larger reduction in environmentally harming emissions over their full life cycle. The conceptual
design phase of WorldBus has discovered a variety of areas which require further intensive research and innovation over
the coming decades. The main focus of this lies in the use of sustainable materials and production methods. In addition,
the use of LH2 has proved to be efficient, but it does require a great increase in green hydrogen production to support the
industry moving over to hydrogen. Further top-level recommendations are included in Section 22.2.

With the introduction ofWorldBus comes the advent of significantlymore sustainable (ultra) long-haul flights. As reasoned
in Section 4.1, the market size for long-haul flights is expected to continue showing constant growth. However, clean flight
can accelerate the interest in long-haul flights and take away the current major objection to flying. WorldBus passengers
will experience less flight shame than conventional fossil fuel-powered aircraft, and low-impact travel is finally becoming
a realistic possibility.

Figure 22.1: A render of the final design of WorldBus.
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22.2. Recommendations
Over the course of the preliminary design of theWorldBus concept, a number of specific points of improvement were found
that would improve a similar design phase for a different concept as well as the further design phases of the WorldBus
design. This also includes further study of aspects that were deemed out of the scope of this design phase, although they
are relevant for the design. These have been presented as recommendations throughout Chapter 4 until Chapter 17. Aside
from these, five top-level and inter-disciplinary recommendations can be made for future design endeavours:

• When focusing on sustainable design, design specifically for deliberately selected sustainable materials, instead of
considering their sustainability as an afterthought when the structural designs are established.

• Perform numerical verification throughout the entire design process, instead of after the finalisation of numerical
models, to avoid a large number of unexpected changes in the last portion of the design process.

• Start the creation of the computer-aided design (CAD) model of the design early on in the process, as it functions
well as an additional verification method for dimensions and integrations that are difficult to visualise without aid.

• Create a numerical model of the aircraft structure in more detail, as the high number of assumptions and superficial
buckling analysis lead to an unoptimised design.

• Invest time into the design of innovative productional methods to, possibly, increase the sustainability of the pro-
duction phase by not being limited to conventional methods.

Table 22.1: An overview of the notable parameters of the WorldBus conceptual design.

Parameter Unit Value Parameter Unit Value
MTOW [mt] 223.8 No. of business class seats - 83
OEW [mt] 158.6 No. of economy+ class seats - 118
Fuel weight [mt] 45.2 Range [km] 19 000
Wingspan [m] 71.9 Cruise velocity [m/s] 265
Wing area [m2] 369.4 Cruise altitude [m] 9 000
Leading edge wing sweep [deg] 32.7 No. of engines - 2
Wing aspect ratio - 14 Max. total thrust [kN] 756.8
Wing dihedral [deg] -2.11 CO2 equivalent GGE per pax per km [g/pax/km] 2.86
Truss location along half span [m] 20.8 List price [million EUR] 484
Fuselage length [m] 75.3 Max. ROI - 96%
Fuselage diameter [m] 6.25 Min. ROI - 20%
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2.2 Leave gate

1.4 Load cargo

2.2.1 Request departure from air traffic control

2.2.2 Connect EGTS

2.3 Move to take-​off location1.5 Board passengers

3.2 Perform take-​off

3.5 Prepare for climb

3.6 Perform climb to cruise altitude

5.0 Perform landing procedure

5.1 Prepare for descent

5.2 Perform descent

5.4 Perform landing

5.3 Prepare for landing

 1.1.1 Open doors

 1.1.2 Board crew

2.2.3 Perform safety briefing

 1.1.3 Load consumptions

3.1.1 Perform safety check

3.1.2 Perform pre-​flight check

3.1.3 Set flaps and slats

3.1.5 Start Rolls-​Royce Trent 1000Rs

5.1.1 Request descent/landing clearance 
from ATC

5.3.1 Perform safety checks

5.3.2 Perform pre-​landing checks

5.3.3 Set flaps and slats

3.5.1 Disable take-​off devices

6.1.1 Disable flaps and slats

6.1.4 Request access to gate

7.0 Prepare aircraft for end of mission

7.7 Disconnect EGTS

7.3 Unload cargo

7.4 Disembark passengers

7.5 Disembark crew

7.8 Clean aircraft

7.4.1 Connect airbridges or stairs

7.4.2 Open doors

7.4.3 Unload passengers

1.2.1 Drive hydrogen refueling vehicle to 
aircraft
1.2.2 Connect hydrogen refueling vehicle 
to aircraft
1.2.3 Transfer hydrogen to aircraft

1.3.1 Connect  aircraft to GPU

1.4.1 Drive cargo transporter to aircraft
1.4.2 Open cargo storage space(s)
1.4.3 Load all cargo into the storage space(s)
1.4.4 Close storage space(s)

1.5.1 Board passengers in front and rear 
cabins
1.5.2 Load carry-​ons in carry-​on storage
1.5.3 Passengers go to their assigned 
space

2.1.2.1 Remove hydrogen refueling vehicle
2.1.2.2 Remove stairs and/or air bridges
2.1.2.3 Remove GPU
2.1.2. Remove devices to secure aircraft's 
position

2.2.1.1 Connect to air traffic control
2.2.1.2 Request permission for departure
2.2.1.3 Confirm permission

2.3.1 Manoeuvre out of the gate
2.3.2 Manoeuvre towards the runway

3.1.2.1 Check take-​off devices
3.1.2.2 Check communication devices
3.1.2.3 Check engines

3.1.1.1 Check passenger safety
3.1.1.2 Check carry-​on storage
3.1.1.3 Check consumption storage

4.1.1 Adjust pitch angle
4.1.2 Adjust thrust
4.1.3 Align system

4.2.1 Update pitch angle
4.2.2 Update thrust
4.2.3 Align system
4.2.4 Set autopilot

5.1.1.2 Connect to air traffic control
5.1.1.3 Request permission for descent/landing
5.1.1.4 Confirm permission

5.2.1 Update pitch angle
5.2.2 Update thrust
5.2.3 Align system

5.3.1.1 Check passenger safety
5.3.1.2 Check carry-​on storage
5.3.1.3 Check consumption storage

5.3.2.1 Check take-​off devices
5.3.2.2 Check communications

6.1.4.1 Connect to air traffic control
6.1.4.2 Request permission for departure
6.1.4.3 Confirm permission

6.2.1 Manoeuvre away from runway
6.2.2 Manoeuvre into gate
6.2.3 Add devices to secure aircraft's 
position

7.3.1 Drive cargo transporter to system
7.3.2 Open cargo storage space
7.3.3 Unload all cargo unto cargo transporter
7.4.4 Drive cargo transporter to airport

7.4.3.1 Unload carry-​ons in carry-​on storage
7.4.3.2 Passengers go to exit device(s)

3.2.1 Update pitch angle
3.2.2 Update thrust
3.3.3 Align system

2.1.1.1 Arm emergency slides

3.6.1 Update pitch angle
3.6.2 Update thrust
3.6.3 Align system

5.4.1 Update pitch angle
5.4.2 Update thrust
5.4.3 Align system

0.2 Operate aircraft0.1 Produce aircraft 0.3 Dispose aircraft

0.1.1 Manufacture parts

0.1.2 Manufacture parts

0.1.3 Assemble subsystems

0.1.4 Assemble aircraft

0.1.3.1 Assemble fuselage
0.1.3.2 Assemble wings
0.1.3.3 Assemble empennage
0.1.3.4 Assemble propulsion system
0.1.3.5 Assemble other subsystems

0.3.1 Disassemble aircraft

0.3.2 Reuse parts

0.3.3 Recycle parts

0.3.4 Discard parts

0.1.4.1 Put together all subsystems

0.1.5 Test aircraft

0.3.1.1 Remove largest subsystems
0.3.1.2 Strip interior

Project Worldbus

3.1.4 Disconnect EGTS

6.1.3 Connect EGTS

6.1.2 Turn off Rolls Royce Trent 1000Rs

7.1 Supply electrical power through GPU

1.3.1 Connect  aircraft to GPU
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Perform mission

System 
requirements

Mission 
requirements

Operations
(REQ-​OPS)

Time schedule
(REQ-​TIME)

Resource allocation
(REQ-​RES)

Interfaces
(REQ-​INTER)

Customer schedule
(REQ-​TIME-​CSTMR)

DSE schedule
(REQ-​TIME-​DSE)

Comfort
(REQ-​OPS-​CMF)

Team size
(REQ-​RES-​TEAM)

Finance
(REQ-​RES-​FIN)

Delivery interval
(REQ-​TIME-​CST-​DI)

Project timeline 
(REQ-​TIME-​CST-​

LINE)

Ground operations
(REQ-​OPS-​GR)

Refuelling
(REQ-​OPS-​GR-​RFL)

Luggage loading
(REQ-​OPS-​GR-​LGG)

AC to AC
(REQ-​INTER-​AC)

Ground to AC
(REQ-​INTER-​GAC)

Sustainability
(REQ-​SUS)

End of life
(REQ-​SUS-​END)

During life
(REQ-​SUS-​DUR)

Boarding
(REQ-​OPS-​GR-​BRD)

Before life
(REQ-​SUS-​BEF)

Maintenance 
(REQ-​SUS-​MAIN)

Crew 
compartment

(REQ-​OPS-​GR-​CC)

Subsystems
(REQ-​SUBSYS)

REQ-​INTER-​GAC-1 The 
aircraft shall always have 
means to contact Earth
REQ-​INTER-​GAC-2 The 
communication link shall 
carry information about 
the position and current 
status of the aircraft's 
systems

REQ-​INTER-​AC-1 The 
aircraft's systems statuses 
shall all be displayed in 
the cockpit
REQ-​INTER-​AC-2
The pilot shall have the 
possibility to shut down 
any electronic system of 
the aircraft and take over 
manually

Propulsion
(REQ-​SUBSYS-​

PROP)

Wings
(REQ-​SUBSYS-​

WINGS)

Empennage
(REQ-​SUBSYS-​

EMP)

S&C
(REQ-​SUBSYS-​SC)

Gear
(REQ-​SUBSYS-​

GEAR)

REQ-​SUS-​BEF-2 The 
entire production and 
manufacturing process 
of WorldBus shall 
reduce total GWP 
emissions by 43% when 
compared to the 
production of a Boeing 
787-9.

REQ-​SUS-​MAIN-1 Stress 
measurements shall be 
taken every 1 [m^2] of 
the aircraft's outer 
surface
REQ-​SUS-​MAIN-2 All 
components of the 
aircraft shall be 
designed not to be 
changed during lifetime

REQ-​SUS-​END-1 A 
minimum of 60% of the 
aircraft shall be 
reusable or recyclable

Source of Energy
(REQ-​SUS-​ENRG)

REQ-​SUS-​ENRG-1 The 
aircraft shall reduce 
total GWP emissions by 
97% compared to a 
Boeing 787-9 during 
operations

REQ-​SUBSYS-​PROP-1 The 
propulsion system shall 
be able to propell the 
aircraft for the entire 
duration of the flight 
without refuelling
REQ-​SUBSYS-​PROP-2 The 
propulsion system shall 
be able to produce a 
propulsive force of 733 
kN
REQ-​SUBSYS-​PROP-3 The 
propulsion system shall 
be able to keep the 
aircraft airborne with at 
least 50% of the engines 
inactive
REQ-​SUBSYS-​PROP-4 The 
stored energy source 
must be sufficient in 
content to power the 
aircraft throughout its 
designed endurance flight 
in addition to a margin of 
0.37% to account for go-​
around and loiter
REQ-​SUBSYS-​PROP-5 In 
case of a propeller-​driven 
system; the propeller 
blades shall have a 
minimum clearence of 1'' 
with other structural 
components in their path 
(FAA 25.925)
REQ-​SUBSYS-​PROP-6 The 
operation of the 
propulsion system shall 
not be hindered by flight 
at negative vertical 
accelerations (FAA 
25.943)
REQ-​SUBSYS-​PROP-7 In 
case of fuel tanks; the 
fuel tank(s) shall 
withstand the forces 
(vibrations, structural 
loads) exerted on it/them 
during operation (FAA 
25.963)
REQ-​SUBSYS-​PROP-9 In 
case of fuel tank(s); no 
ignition source or high 
heat shall be present 
within the fuel tank(s) at 
any time (FAA 25.981)
REQ-​SUBSYS-​PROP-10 In 
case of fuel tank(s); the 
aircraft shall possess the 
capability to jettison fuel 
(FAA 25.1001)
REQ-​SUBSYS-​PROP-11 
The propulsion system 
shall provide sufficient 
force to provide the 
acceleration required for 
take-​off on the designed 
for airports
REQ-​SUBSYS-​PROP-12 
The propulsion system 
shall provide sufficient 
force to achieve the 
designed for climb rate

REQ-​SUBSYS-​WINGS-1 
The wings shall generate a 
total lift force of 
3.44*10^3kN at the cruise 
speed of 265 meters per 
second
REQ-​SUBSYS-​WINGS-2 
The wings shall be able to 
withstand a gust velocity 
of 50 ft/s
REQ-​SUBSYS-​WINGS-3 
The wings shall be able to 
withstand a negative load 
factor of n=-1
REQ-​SUBSYS-​WINGS-4 In 
case of wing-​mounted 
engines; the wings shall 
be able to transfer all 
engine-​induced loads to 
the aircraft center of 
gravity
REQ-​SUBSYS-​WING-5 The 
wing shall be able to 
support a maneuvering 
acceleration of 1.5g at 
MTOW with flaps and 
HLDs in landing 
configuration (FAA 25.345)
REQ-​SUBSYS-​WING-6 The 
wing shall be able to 
withstand 2.5 the aircraft 
design weight (plus a 1.5 
safety margin) at 
maneuvering speed
REQ-​SUBSYS-​WING-7 The 
aircraft cruise regime shall 
lay within the flight 
envelope
REQ-​SUBSYS-​WING-8 The 
wing shall be able to 
support a maneuvering 
acceleration of 1.5g at 
MTOW with flaps and 
HLDs in landing 
configuration (FAA 25.345)
REQ-​SUBSYS-​WING-9 The 
wing shall be able to 
withstand 2.5 the aircraft 
design weight (plus a 1.5 
safety margin) at 
maneuvering speed
REQ-​SUBSYS-​WING-10 
The aircraft cruise regime 
shall lay within the flight 
envelope

Noise
(REQ-​SUS-​NOIS)

REQ-​SUS-​NOIS-1 The 
aircraft shall comply 
with CS-25 and FAA 
regulation
REQ-​SUS-​NOIS-2 The 
aircraft shall reduce the 
cumulative noise by 5 
dB compared to a 
Boeing 787-9

REQ-​SUBSYS-​GEAR-1 The 
gear arrangement shall be 
able to provide a mean 
deceleration no less than 
3.05 m/s^2.
REQ-​SUBSYS-​GEAR-2 The 
gear arrangement shall be 
removed from the 
airstream for cruise flight
REQ-​SUBSYS-​GEAR-3 
Landing gear shall provide 
stability to the aircraft on 
the ground
REQ-​SUBSYS-​GEAR-4 
Steering wheels shall be 
loaded by 8% of MTOW at 
minimum to allow for 
sufficient steering 
capacity
REQ-​SUBSYS-​GEAR-5 
Each landing gear bogey 
shall be able to withstand 
the weight of the entire 
aircraft
REQ-​SUBSYS-​GEAR-6 The 
landing gear height shall 
be sufficient for a tip-​back 
angle of at least 15 
degrees
REQ-​SUBSYS-​GEAR-7 The 
landing gear placement 
shall ensure a turnover 
angle of at least 55 
degrees
REQ-​SUBSYS-​GEAR-8 The 
landing gear placement 
shall allow for a lateral 
scrape angle of 5 degrees 
at minimum (with either 
engine or wing)
REQ-​SUBSYS-​GEAR-9 The 
landing gear wheels shall 
have a coefficient of 
friction of 0.8 at minimum 
(FAA 25.499)

REQ-​TIME-​DSE-1 The 
aircraft design project 
plan shall be delivered on 
the 28th of April
REQ-​TIME-​DSE-2 The 
baseline report 
portraying requirements 
specifications shall be 
delivered on the 8th of 
May
REQ-​TIME-​DSE-3 The Mid-​
Term Technical Design 
report illustrating design 
decisions and conceptual 
configuration definitions 
shall be delivered on the 
30th of May
REQ-​TIME-​DSE-4 The final 
review portraying the final 
design of the aircraft shall 
be delivered on the 27th 
of June

REQ-​USER-​CST-​DI-1 A 
total of 500 aircraft shall 
be manufactured within 
a time span of 20 years

REQ-​TIME-​CST-​LINE-1 
The design phase shall be 
completely finished by 
2037
REQ-​TIME-​CST-​LINE-2 
The certification process 
shall be finished by 2037
REQ-​TIME-​CST-​LINE-3 
The manufacturing shall 
start in 2038
REQ-​TIME-​CST-​LINE-4 
The first operational 
aircraft shall be delivered 
by 2040

REQ-​OPS-​CMF-1 The 
aircraft shall 
accommodate sleeping 
for 200 passengers + 
crew members
REQ-​OPS-​CMF-2 The 
aircraft shall provide an 
entertainment 
programme for 200 
people
REQ-​OPS-​CMF-3 The 
aircraft shall 
accommodate for
offering a drink every 2 
hours per passenger
REQ-​OPS-​CMF-4 The 
aircraft shall 
accommodate for 1 meal 
per passenger for every 4 
hours of flight time
REQ-​OPS-​CMF-5 The 
aircraft shall include one 
lavatory per 50 
passengers
REQ-​OPS-​CMF-6 The 
cabin temperature shall 
be between 18 and 23 
degrees Celsius within 30 
minutes from take-​off
REQ-​OPS-​CMF-7 The 
noise level inside the 
cabin shall be equal to 
85dB or lower
REQ-​OPS-​CMF-8 Lighting 
inside the cabin shall be 
available during entire 
flight

REQ-​OPS-​GR-​BRD-1 
Total boarding time for 
the aircraft shall not 
exceed 1 hour
REQ-​OPS-​GR-​BRD-2 
Boarding process shall 
be executable without 
causing bodily harm

REQ-​OPS-​GR-​RFL-1 
Refuelling process shall 
take no longer than 1 
hour

REQ-​OPS-​GR-​CRG-1 
Cargo loading process 
shall take no longer 
than 30 minutes
REQ-​OPS-​GR-​CRG-2 The 
total cargo mass shall 
not exceed 4800 kg
REQ-​OPS-​GR-​CRG-3 The 
cargo loading process 
shall take the balance of 
the aircraft into account

REQ-​RES-​TEAM-1 The 
preliminary design of 
this aircraft, shall be 
conducted by a team of 
10 bachelor students 
within the time 
constraints specified in 
REQ-​TIME-1

REQ-​RES-​FIN-1 The 
production of the 
aircraft shall cost less 
than €237.5M
REQ-​RES-​FIN-2 The R&D 
cost shall cost less than 
€6.25B
REQ-​RES-​FIN-3 
Operating costs per 
aircraft shall not exceed 
€822M
REQ-​RES-​FIN-4 Aircraft 
unit price shall not 
exceed €250M

REQ-​SUBSYS-​CAB-1 
Cabin pressure shall not 
exceed 2438 m in normal 
flight conditions, if 
maximum altitude is over 
7620 m, cabin pressure 
shall not exceed 4572 m 
in case of malfunctioning 
of the pressurization 
system
REQ-​SUBSYS-​CAB-2 A 
passenger shall never be 
separated more than 2 
seats from an aisle (CS 
25.817)
REQ-​SUBSYS-​CAB-3 The 
aircraft cabin shall protect 
the occupants from the 
engine in case of failure
REQ-​SUBSYS-​CAB-4 The 
aircraft shall carry 1 life 
jacket for every member 
on-​board
REQ-​SUBSYS-​CAB-5 The 
aircraft shall carry 1 gas 
mask for every member 
on-​board
REQ-​SUBSYS-​CAB-6 The 
aircraft shall include an 
energy absorbing rest 
and a seatbelt for all 
seats with inclinations of 
more than 18 [deg]
REQ-​SUBSYS-​CAB-7 The 
emergency evacuation of 
all occupants on the 
aircraft to the ground 
must be complete in 
under 90[sec]
REQ-​SUBSYS-​CAB-8 The 
AC shall comply with 
emergency exit 
regulations CS 25.807 and 
CS 25.809
REQ-​SUBSYS-​CAB-9 The 
AC shall contain enough 
life raft seating capacity 
for all occupants even in 
the case of having lost 
the life raft with the most 
capacity
REQ-​SUBSYS-​CAB-10 The 
cabin shall accommodate 
for 200 pax
REQ-​SUBSYS-​CAB-11 The 
fuselage shall withstand 
the loads transferred 
from the propulsion 
system, wing group and 
empennage

REQ-​SUBSYS-​SC-1 The 
aircraft's control surfaces 
shall provide static 
stability during all 
eigenmotions except for 
spiral
REQ-​SUBSYS-​SC-2 The 
aircraft shall have the 
ability to fly with one 
engine inoperative (CS 
25.671)
REQ-​SUBSYS-​SC-3 The 
aircraft shall have the 
ability to approach the 
runway with one engine 
inoperative (CS 25.671)
REQ-​SUBSYS-​SC-4 The 
aircraft shall have the 
ability to land with one 
engine inoperative (CS 
25.671)
REQ-​SUBSYS-​SC-5 The 
aircraft shall have the 
ability to stop taking-​off 
with one engine in-​
operative (CS 25.671)
REQ-​SUBSYS-​SC-6 The 
aircraft's control surfaces 
shall be able to withstand 
forces at maximum 
deflections
REQ-​SUBSYS-​SC-7 The 
aircraft shall not perform 
ground-​looping with 90 
[deg], 25 [kts] crosswinds
(CS 25.233)
REQ-​SUBSYS-​SC-8 The 
pilot shall not exceed the 
control wheel or the 
rudder pedals forces 
stated in CS 25.143

REQ-​SUBSYS-​EMP-1 The 
empennage shall be able 
to transfer asymmetric 
loads to the aircraft 
center of gravity
REQ-​SUBSYS-​EMP-5 The 
empennage shall be able 
to host the rudder and its 
attachments
REQ-​SUBSYS-​EMP-6 The 
empennage shall be able 
to host the elevators and 
their attachments

REQ-​OPS-​GR-​CC-1 The 
pilot compartment shall 
be designed in such way 
that all requirements 
from CS 25.771 and CS 
25.772 are satisfied
REQ-​OPS-​GR-​CC-2 The 
aircraft shall be designed 
in such way that the 
pilot's view is never 
troubled, as defined in CS 
25.773
REQ-​OPS-​GR-​CC-3 The 
aircraft shall have a 
minimum of two pilots
REQ-​OPS-​GR-​CC-4 The 
aircraft shall have a 
minimum of 8 flight 
attendants

Performance
(REQ-​PERF)

Airport constraints
(REQ-​OPS-​GR-​AP)

REQ-​PERF-1 The aircraft 
shall be able to fly 19,500 
kilometers non-​stop
REQ-​PERF-2 The aircraft 
shall be able to fly 19,500 
kilometers within 21 
hours

REQ-​OPS-​AP-1 The 
aircraft shall be within 
the dimensions of the 
landing, taxiing and 
take-​off strips of the 
airport

Flight operations
(REQ-​OPS-​FL)

REQ-​USER-​BUD-01 The 
aircraft shall fly at least 
4000 hours every year
REQ-​USER-​BUD-02 The 
aircraft shall fly in service 
for at least 10 years

Cabin
(REQ-​SUBSYS-​CAB)

Legend

REQ-​PERF-1 Bold red text shows a requirement's 
unique identifier for user 
requirements and requirements 
directly driven by the user

REQ-​SUBSYS-​PROP-1 Bold text shows a requirement's unique 
identifier

<tbd> tbd is 'to be determined', which indicates 
that a numerical value in a requirement is 
to be set at a later design stage

REQ-​SUS-​ENRG-2 The 
production of 1 kg of 
liquid hydrogen will 
produce emissions with 
a total GWP of 0.00 kg
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Fuselage layout

Figure D.1: Fuselage layout, top view
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