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EXECUTIVE SUMMARY

Major airports around the world are experiencing congestion due to the increase in air travel demand. Fly-
ing to smaller satellite airports or using larger long-haul wide-body aircraft has proven to be a solution,
however, the problem arises due to the increasingly negative impact from a higher frequency of flight. This
project aims to solve this problem, as a response to a request for proposal by the American Institute for
Aeronautics and Astronautics (AIAA), by designing a high capacity short-range transport aircraft with a ca-
pacity of 400 passengers and range of 3,500 nautical miles. Three design concepts have been considered
for the high capacity short range aircraft design as presented in the Baseline Report [1] and after a trade off
process, one of them has been chosen for a final design [2]. The main focus of this report is to develop this
concept further, to create a conceptual design for it and to analyse its characteristics.

MARKET ANALYSIS

The concept of having a large aircraft on short flights is still not applied widely, which opens up possibilities.
This short-range market is mainly dominated by single-aisle aircraft. Over the next 10 years, the global fleet
is forecast to grow at a rate of 3.6 % per year and the single-aisle aircraft at a rate of 4.9 % to meet the
demand. By 2029, the share of single-aisle aircraft will increase from 58 % to 66 %. Furthermore, the larger
type of narrow-body aircraft is expected to make up a larger percentage of the total narrow-body fleet by
2029. This illustrates the demand for aircraft with higher passenger capacity over a short-range. Most of the
narrow-body fleet is divided over West Europe, North America and Asia.

In the coming 15 years, the global air passenger demand will be doubled to 7.2 billion. To meet this growing
demand, the single-aisle aircraft fleet size is expected to grow with an annual rate of 4.9 % to 26,000 aircraft.
Part of these single-aisle aircraft fly on high demand routes and can be replaced by the high capacity short
range aircraft.

An analysis has been done to find strengths, weaknesses, opportunities and threats for the high capacity
short range aircraft. One of the main strengths is that the project is supervised by an experienced aircraft
designer. A weakness is that there are limited resources and time for the project. The main opportunity is
there is a global rise in demand of commercial air travel and a threat is that it is difficult to reach a position
in the current market which is being dominated by two large aircraft manufacturers; Boeing and Airbus.

Looking at similar aircraft, a production time of 15 years is estimated. With an expected global fleet size of
25,777 single-aisle aircraft in 2029 and an annual growth of 4.9 %, the global fleet size in 2044 is expected to
be 52,828. Comparing to other new aircraft manufacturers, a market share of the short-range high capacity
aircraft of 5 % is projected. With an estimated price of 320 million USD, this results in prediction of 1,353
sold aircraft and a revenue of 433 billion USD in the period 2029-2044.

OBJECTIVES AND REQUIREMENTS

Requirements are needed in order to steer the design to the desired result. They can be set by stakeholders
which for this project are the airlines, authorities, passengers, airports and manufacturers. Stakeholder
requirements and objectives are then derived to get a detailed requirement or constraint for the design to
function properly. In the end, the design has to meet all the requirements to be considered successful.

First, design objectives are mentioned to list out the main goal of the design to ensure it is aligned with the
stakeholder’s demand and interest. Table 1 shows the derived design objectives for the high capacity short
range aircraft design.

ix



Table 1: Design Objectives

Objective Type

Aircraft recurrence cost shall be minimised. Cost
Non-recurrence cost shall be minimised. Cost

The aircraft’s carbon footprint over the entire life cycle shall be minimised. Sustainability

The aircraft’s NO, emissions shall be minimised. Sustainability
Minimise noise inside the cabin. Sustainability
Increase passenger comfort by lowering cabin altitude from 8,000 ft. Passenger comfort
Increase passenger boarding efficiency and decrease turn around time compared to competing aircraft. | Passenger comfort

The design requirements are then summarised into 5 different categories; structures, performance, opera-
tions, stability & control, and sustainability. The list of requirements is derived from the American Institute
of Aeronautics and Astronautics (AIAA), the Federal Aviation Administration (FAA), International Civil Avia-
tion Organisation (ICAO) and the market analysis. The checkpoints to comply the requirements are during
the Mid-term report and Final report. Eventually, a requirement compliance matrix is made to analyse
whether the design has met the requirements.

SUSTAINABLE DEVELOPMENT STRATEGY
Aside from the design, it is also important for the project to prioritise sustainability. Therefore, three differ-
ent aspects are considered for the sustainability development strategy.

First, the technical approach to the design. As part of the design objectives, the design of high capacity short
range aircraft needs to minimise the negative impact on the environment. The key parameters for this to be
achieved are fuel consumption, global warming impact and the noise. All three of these parameters need to
be minimised to ensure the sustainability goal is achieved.

Next, the manufacturing process. Aside from the design, the manufacturing process of such design needs to
be sustainable as well. Thus, the lean manufacturing methodology was implemented in the manufacturing
process to ensure that the waste is minimum. The transport of material and the production line both need
to be minimal, since they contribute to the amount of emissions. This would be beneficial regarding time,
money and the emissions.

Finally, the end of life of the design is taken into account. After the aircraft retires, it needs to be recycled.
The materials, chemicals and assembly need to take into account the recycling process. Possibilities of spare
parts to be reused is considered.

DESIGN PHASES
There are three phases for the design of the high capacity short range aircraft. A brief summary of the phases
is as follows:

* Design phase I: Market and requirement analysis to produce three initial design concepts.

* Design phase II: Refining of the concepts using class I sizing to obtain preliminary specifications and
performance characteristics for the concepts trade-off.

* Design phaseIlI: Iterating the chosen concept to further details, using class II sizing to further analyse
the performance and design the system interfaces.

Initially, in phase I, three concepts are selected from the analysis of the market and requirements. These
three designs are the Conventional aircraft, Double Decker aircraft and the Blended Wing Body as shown in
Figure 1, 2 and 3 respectively. Then, in phase II, the designs are developed to the detail of class I sizing to
obtain a preliminary analysis in regards to their main characteristics. By having the preliminary analysis, a
trade-off is done in order to choose the most suitable concept out of the three options to proceed with the
design process.



Figure 3: Blended Wing
Figure 1: Conventional aircraft Figure 2: Double Deck aircraft Body aircraft

The main trade-off criteria that has been assessed for the three concepts are the cost, risk, sustainability,
turnaround time, passenger comfort, flexibility and originality. Each of these criteria is given a weight factor
in terms of the design priority such that cost is considered the highest priority and passenger comfort is the
lowest. The result of the trade-off indicates that the Blended Wing Body concept outperforms the other two
concepts. Therefore, the Blended Wing Body concept is chosen to continue with the design process.

With phase III, the design started to come into shape. With the implementation of class II sizing, almost
all of the systems are re-designed and other specifications are defined. The main focus of phase III is the
design of the following:

* Cabin Design Control Surfaces Design

* Wing Planform Design * High Lift Devices Design
* Engine Design e Structural Design

* Landing Gear Design * Aircraft Weight

* Vertical Tail Design * Centre of Gravity

Each of these parameters is implemented to the iteration loop to size the entire design accordingly. Espe-
cially as a small change in one parameter influenced the others in varying magnitude. With the iteration
loop, the final concept design of the high capacity short range aircraft based on the Blended Wing Body
concept is obtained. In which it is now named as the Flying B or for short the FB400.

DESIGN ANALYSIS
During the design process, each system is designed and analysed according to the requirements. The anal-
ysis includes the performance, stability & control, operations & logistics and sustainability.

In terms of performance, the FB400 is designed for a range of 3,500 nmi. However the efficiency needs to
be optimised for the 700 nmi range. In comparison to the Boeing 777, the FB400 flies 0.5 km higher at an
altitude of 11.5 km. The L/D ratio of FB400 is higher from having more wetted area. It flies slower at Mach
0.75 compared to Mach 0.84 of the Boeing 777. However, it is beneficial for the reduction of the radiative
forcing impact to fly slower.

The stability and control analysis of the FB400 involves locating the aerodynamic centre of the wing-fuselage
combination behind the most aft centre of gravity. The aerodynamic centre of the wing and fuselage is the
neutral point of the aircraft as there are no horizontal tails. Longitudinal stability is obtained by changing
wing position and sweep angle. To change the centre of gravity, the position of the engines is changed
slightly as well. For trimming the aircraft, the forward centre of gravity is important. Limiting the centre
of gravity range allows the trim deflection of the elevators to be minimised. With a centre of gravity range
of about 0.8 meters, the trim deflection in cruise can be kept below 5 degrees. For the dynamic stability, it
is required to obtain level 1 handling qualities. Required stability and damping for the symmetric motions
is obtained by introducing a PI controller. The dutch roll damping requirement can be met by a simple
proportional gain with a washout filter to not over-stabilise the spiral mode.

For the operations, FB400 suits the condition to operate at congested major hubs such as Kuala Lumpur
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and Singapore. It is expected to compete with the narrow-body in terms of ground operation at 45 minutes
turnaround time with full airport compatibility. In terms of the design logistics, it is estimated for the design
to experience a lengthy process of testing and certification as currently there is no similar aircraft flying. On
the bright side, the estimated time for testing and certification is estimated to be 58 months, which is still
faster than the A380.

In regards to the emission produced, the global warming impact and the radiative forcing is analysed based
on the altitude and the fuel consumption. Even though the global warming impact is 10% worse than the
A320, it is still considered to be comparable to the emission produced by a narrow-body aircraft. Therefore,
FB400 is estimated to have the emission level of a narrowbody aircraft with the capacity of a wide-body
aircraft. In terms of noise, it is analysed that FB400 complies with the noise limit set by ICAO and is com-
parable to Boeing 787-8. However, this is only an initial estimate and the noise needs to be tested from the

prototype.

The unit cost of the FB400 is 283 Million dollar. The direct operating cost 89.6 dollars per nautical mile. The
price per aircraft seat-mile for a mission of 600 nmi is 0.0392 dollar cents. This is lower than the 737-7MAX
and A319NEO, which have a value of 0.0430 and 0.0425 respectively. The recurring cost is 334 billion dollars.
These costs have been minimised by minimising the fuel weight for the design.

FUTURE PLANNING

As the concept design is finalised, the next stages need to be planned. The two main points are the produc-
tion plan and project design & development logic. The production plan priority is to be able to produce the
design on time while also minimising the waste byproduct. An example is to minimise milling and drilling
and considering the possibility of 3D printing. For the project design & development, the next stage are the
detailed design, manufacturing, prototypes & testing and finally mass production. It is estimated for the
first delivery to take place in the fourth quarter of 2029.

FINAL CONCEPT DESIGN

Finally, after the iteration loop and analysis from the perspective of different performances parameters, the
final concept design of the FB400 is produced. The main specification is compiled in Table 2 and the final
isometric view is shown in Subsection 18.2.2.
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Table 2: Design summary table

Parameter

Result

Altitude

11.5 km for design mission of 3,500 nmi and 10.9 km for reference mission of 700 nmi

Cruise speed

222 m/s for design mission of 3,500 nmi and 220 m/s for reference mission of 700 nmi

Cruise Mach number

0.75 for both missions

MTOW 151 MT

OEW 67.4 MT

Fuel Weight 42 MT for design mission of 3,500 nmi and 19 MT for reference mission of 700 nmi
L/Dcruise 20.3

L/Dmax 23.3

CL 0.19

ClL 1.05

Total wing area 797 m?

Aspect ratio 5.4

Wing span 64.8 m

Fuselage length 40 m

Fuselage width 15m

Engines Two GEnx - 1B70 engines placed on top of the fuselage

Vertical tail Two tails with area of 22 m? and height of 6 m

Winglets Area of each winglet is 4 m? with a length of 3 m and inclined at 70 deg wrt to the wing
Seats 350 economy class, 50 business class

Nose landing gear

1 strut, 2 wheels, 9.2 m from nose, 4.8 m high

Main landing gear

2 struts, 4 wheels on each strut, 26.4 m from nose, 8.8 m apart, 4.8 m high

SAR

1.05 kg/100km/passenger for design mission range of 3,500 nmi and 1.07 kg/100km/passenger

for reference mission of 700 nmi
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1

INTRODUCTION

The demand for air travel increases all around the world resulting in many major airports operating at or
beyond full capacity. Flying to smaller satellite airports or using larger long-haul wide-body aircraft on
short routes are some measures used to meet the demand. Aside from the risk of airport congestion, the
increasing flight frequency may result in a negative impact on the environment, passenger comfort, and
costs. In response to a request for proposal by the American Institute for Aeronautics and Astronautics
(AIAA), the aim of this project is to create an aircraft design with an Entry Into Service (EIS) by 2029, a
passenger capacity of 400 and 3,500 nautical miles of range to address this problem.

The mission need statement of this project is:
To reduce the total number of short-range flights while keeping competitive ticket prices and minimum
environmental impact.

The project objective statement of this project is:
To design a competitive aircraft capable of carrying 400 passengers over a distance of 3,500 nmi with 10
students in 10 weeks.

The purpose of this report is to present the final design concept of the high capacity short range aircraft. The
entire design process is summarised in this report to elaborate the design philosophy behind the decision
made. Together with the preliminary analysis of the performance and properties, it is justified how the
concept is able to fit in the targeted market and outperform its competitors. So to convince the stakeholders
in the advancement of this design operations.

The structure of the report is as follows. First, the market and functionality are analysed respectively in
Chapter 2 and Chapter 3. Then, the objectives and requirements are defined in Chapter 4. Sustainability
development is analysed in Chapter 5. Before the design is presented, the methodology is presented in
Chapter 6. Design phases I and II are summarised in Chapter 7. As the main focus of this report, design
phase III is elaborated in Chapter 8. Afterwards, the analysis begins with performance analysis in Chap-
ter 9. In Chapter 10 the stability and control is analysed, and in Chapter 11 the operations and logistics.
Sustainability is analysed in Chapter 12. The aircraft (sub)systems are defined in Chapter 13 and the fu-
ture planning follows in Chapter 14. The financial and technical risk aspect of the design are discussed in
Chapter 15 and Chapter 16. The RAMS analysis is explored in Chapter 17, before the final concept design is
presented in Chapter 18. Finally, the final report is concluded in Chapter 19.

Cover image credit.'

1 Airbus. Final Assembly and Tests. Accessed November 2019. https://www.airbus.com/aircraft/
how-is-an-aircraft-built/final-assembly-and-tests.html
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2

MARKET ANALYSIS

Although the aircraft market for both short range flights and long range flights has matured over the past decades,
the concept of having a large aircraft on short flights is still not applied widely. With the fast expanding market for
air travel, this could be a useful solution. First, the current market is analysed in Section 2.1. Then, the high demand
route is explored in Section 2.2. SWOT analysis of the market follows in Section 2.3. Afterwards, the interests of the
potential customer and a first prediction of the price are described in Section 2.4. Lastly, the section is concluded with
a calculation of the market potential in Section 2.5.

2.1. CURRENT MARKET ANALYSIS

Before initiating the design of high capacity short range aircraft, it is important to identify, define and analyse the
market (size) that this aircraft can provide services to. The aircraft to be designed is to transport 400 passengers over a
short range which could be an alternative to current commercial single aisle aircraft. Hence, the target market for the
aircraft would be the current single aisle aircraft market for short-medium range.

By 2018, all airlines globally had a combined fleet size of 24,492 commercial aircraft. Since a larger portion of the pop-
ulation can afford air travel globally due to reasons like rising incomes, consumer spending and government funding,
the commercial aircraft industry is ever expanding. Over the next 10 years, the global fleet is forecast to grow at a
rate of 3.6 % per year to meet the rising air travel demand. Within the commercial aircraft class, the single aisle or
narrow-body aircraft fleet size is expected to grow from 15,900 in 2019 to 25,700 by 2029 at an annual rate of 4.9 %. By
2029, the share of single aisle aircraft will increase from 58 % to 66 %. The increase in fleet size represents mainly the
additions to the fleet or replacements with more efficient alternatives. Furthermore, the larger type of narrow-body
aircraft is expected to make up a larger percentage of the total narrow-body fleet by 2029. This further illustrates the
demand by operators for aircraft with higher passenger capacity over short range '.

The existing narrow-body aircraft market is mainly dominated by Boeing and Airbus with a total market share of about
93 % “ as observed in Figure 2.1. The deliveries of single aisle aircraft through 2028 is expected to be fulfilled by Boeing
and Airbus alone. Hence, they are the key players and competition for the aircraft to be designed.

50%
40%

30%

Market share

20%

10%

3%

0%
Irkut Comac Boeina Airbus

Figure 2.1: Projected market share of narrow-body aircraft deliveries between 2018 and 2037, by manufacturer

lGlobal Fleet & MRO Market Forecast Commentary  2019-2029. Accessed  November  2019.
https://www.oliverwyman.com/content/dam/oliver-wyman/v2/publications/2019/January/
global-fleet-mro-market-forecast-commentary-2019-2029.pdf

2projected market share of narrowbody aircraft deliveries between 2018 and 2037, by manufacturer. Accessed November 2019.
https://www.statista.com/statistics/601831/single-aisle-deliveries-by-jet-manufacturers-worldwide/
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To further define the market, a global geographical segmentation in 2019 is visualised in Figure 2.2 based on the 2019-
2029 global fleet forecast °. It shows that North America, Western Europe and China have the largest narrow-body
fleet, making them a well suited market for a larger short range aircraft.
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Latin America

Figure 2.2: Global geographical segmentation of narrow-body aircraft in 2019

When analysing the relevant reference aircraft considered in the market analysis, it becomes evident that most aircraft
can be classified either as long range high capacity or short range low capacity. This becomes clear when the reference
aircraft payload is plotted against range as shown in Figure 2.3. In this figure, the target gap of the aircraft is plotted as
well. Note that the goal is to design a new aircraft to fit in the graph that is not yet occupied by existing aircraft.
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Figure 2.3: Market gap

As the global passenger demand is predicted to double to 7.2 billion in 2035, it is useful to analyse the future of both
existing and upcoming markets to determine if a high capacity short range aircraft meets future needs”. Experience
has shown that airlines operating from congested airports are inclined to reduce the number of short range flights to

this destination. Once an airport is at full capacity, the only way to grow in terms of passenger count and finance is to
attract bigger aircraft.

3Global Fleet & MRO Market Forecast Commentary  2019-2029. Accessed  November  2019.
https://www.oliverwyman.com/content/dam/oliver-wyman/v2/publications/2019/January/
global-fleet-mro-market-forecast-commentary-2019-2029.pdf

4New IATA Passenger Forecast Reveals Fast-Growing Markets of the Future. Accessed November 2019.https://www.iata.org/
pressroom/pr/Pages/2014-10-16-01.aspx
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2.2, HIGH DEMAND ROUTES
The idea of bringing a new short haul high capacity aircraft on the market initially arose from the problem of airport
congestion. When analysing the amount of seats on high demand routes, it becomes clear that increasing the amount
of seats per flight will lower congestion.

Existing wide-body aircraft typically have a larger range compared to narrow-body aircraft. Apart from being more
efficient on short haul routes, narrow-body aircraft have the advantage of faster turnaround times and have lower risk
in terms of empty seats. Another reason for the current preference of narrow-body aircraft is that in a competitive
market, airlines prefer frequency of flights. Other then offering passengers freedom of choice between departures,
one of the main reasons of increasing frequency in a highly competitive market is schedule delay[3], which is defined
as ‘the passenger’s preferred time of departure and the nearest available service. However, the expected increase in
demand is limited by the capacity of the aircraft. This means that in next 10 years, wide-body aircraft will increase in
popularity on short to medium routes.

The relation of high demand and the use of larger aircraft can already be seen around the hubs, Kuala Lumpur (KUL),
Singapore (SIN) and also Bangkok (BKK) and Hong Kong (HKG). The Asia Pacific market is by far the busiest and the
extensive use of wide-body aircraft on short routes around Asian hub airports confirms this. In Japan and China,
an impressive 4,700 and 4,400 respectively, aircraft depart every week to fly routes less than 4,500km. Every week,
1,900 of such flights depart from Tokyo Haneda(HND), evidently making a high capacity short range aircraft fit the
current market without any change on the flight schedule. Already 8 out of 10 flights of the route Hong Kong(HKG)
- Taipei(TPE) are operated by wide-body aircraft, underlining the massive demand for air travel in the Asia-Pacific
region. All of the top 10 short distances flown with wide-body aircraft routes are intra-Asia Pacific flights. After the
Asia-Pacific region, Dubai International Airport (DXB) follows up with almost 1,000 departures per week.

2.3. MARKET SWOT ANALYSIS

This section shows analysis of the Strengths, Weaknesses, Opportunities and Threats (SWOT) of design - market re-
search conducted for the high capacity short range transport aircraft. They can originate both internally and exter-
nally. In Table 2.1 a detailed SWOT analysis can be found.

Table 2.1: SWOT Analysis

Helpful Harmful
- Team under the supervision of Roelof Vos (project leader
at flying-v, similar concept).
- Less contribution to environmental impact by the design.

- Less frequent flight.

Internal X . e . - Limited accessibility to the global market forecasts.
- Team guided by coaches with specialisation related to the project. .. R 5
q . - Limited time and resources for the project.
- More comfortable flying experience.
- Readily available professional help from within the university.
- Market mainly dominated by two large manufacturers so difficult to
make a position in the current market.
. . . - Existence of better alternative design concepts.
- Increment in demand of larger narrow-body aircraft in market. 'g . P .
. . . - Technology demanded by the design might be non-existent, not matured
- Trend in more green/sustainable air travel. A . .
External yet or entering to service with outdated technology.

- Global rise in demand of commercial air travel.

ik sk e i - Sudden fluctuations in market dynamics forecast (for example due to

unforeseen accidents like that of Boeing 737 max).
- Aspects of design might not comply with governmental laws
and rules leading to termination of the project.

2.4. CUSTOMER INTERESTS AND AIRCRAFT PRICING

As the customer will have a large influence on the design of the aircraft, it is important to know what the customer
is looking for in an early stage of the design. A way to analyse the customer is by looking at the aircraft’s costs and
revenues. This can be summarised in the return on investment (ROI) shown in Equation 2.1. The definition of the ROI
is taken from Roskam [4].

ror— REV=DOC-10OVy \ ., o
~ AEP(1- tXiny reviamn '

As the manufacturer has very little influence on indirect operating cost (I0C), investment tax credit (txj,y) and income
tax rate (tXrey), these can be neglected. For the direct operating cost (DOC) the take-off weight, aerodynamic efficiency
and fuel efficiency are the driving factors. Block speed is mostly influenced by the cruise speed of the aircraft. Revenue
per km (REV) is influenced by the seating capacity and payload capacity. The annual utilisation of the aircraft (Ugpy) is



influenced by the maintainability and the flexibility of the payload and fuel arrangement. Lastly, the estimated aircraft
price (AEP) can already be computed from reference aircraft, which can be found in Section A.1. To do this, the average
list price is equated to the maximum take-off weight in Figure 2.4. As the mission objective is a short range aircraft
with a high capacity, a wide variety of aircraft were chosen as a reference with the only requirement being that they are
still in production. The 777-300 is taken as a direct reference for the maximum take-off weight, as it is relatively similar
in terms of capacity and range. Then, a first target for the price of the aircraft is computed as shown in Figure 2.4 and
is approximately 180 million USD.

[ ] 0,948 + 333 R*= 0,936
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[ ] Boeing 747-8

400 Boeing-777-300ER
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Figure 2.4: Aircraft price target

2.5. MARKET POTENTIAL

With the global market trend, it is possible to compute a first estimate of the total amount of aircraft that can be sold
throughout the expected production time. Looking at similar aircraft a production time of 15 years is a reasonable
first estimate, which means a production period from 2029 to 2044. With a global fleet size of 25,777 in 2029 and
extrapolating with 4.9 %, the global fleet size by 2044 is estimated to be 52,828. This means that a total of 27,051
aircraft will be sold in this period. Furthermore, the projected market share of a relatively new manufacturer like
Comac is 4%, as shown in Figure 2.1. Although Comac is a Chinese state-owned manufacturer, this number can still
be useful to estimate a rate of growth in the aircraft market. Then also taking into account that a large 400 passenger
aircraft will only be used on the most populated routes, a projected market share of the short range high capacity
aircraft of 5% is taken as a first estimate for the period: 2029-2044. This means that a total of 1,353 will be sold. At a
price of 320 million USD, this results in a revenue of 433 billion USD in the period: 2029-2044.
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FUNCTIONAL ANALYSIS

In this chapter, the operation of an aircraft is analysed to create a functional breakdown structure and a functional
flow diagram. These can be found in Section 3.1 and Section 3.2 respectively and are used to determine the functions
that the aircraft to be designed has to accomplish.

The aircraft operation is split into six parts; pre-flight, take off, flight, landing, post-flight and maintenance. The pre-
flight operations are defined to begin the moment a new crew enters the aircraft and end right before push back.
Then, the take-off operations run from push back until the aircraft finishes the climb to cruise level. The cruise part
of the mission profile is included in the flight operations and lasts until right before the approach procedure. Landing
operations begin with the approach check up to when the aircraft parks at the gate. After the aircraft is parked, the
post-flight operations start until when the auxiliary power supply is shut down. Finally, the aircraft can go into a
maintenance phase. Of course, aircraft maintenance is not always necessary after a flight, which is why the functional
flow diagram in Section 3.1 shows it as an optional phase. If the aircraft is not put through the maintenance phase, it
will return to the pre-flight operations.

The phases, as discussed above, are defined to be the firstlevel in the functional breakdown structure and are coloured
in yellow. The second level is coloured in blue, the third in green and the fourth in red. The same colouring structure
is used in the functional flow diagram.

3.1. FUNCTIONAL FLOW DIAGRAM

The functions defined in the functional breakdown in Section 3.2, are organised in chronological order in the func-
tional flow diagram. The purpose of this visualisation is to see the interdependence between each function. Moreover,
it shows the optional routes as sometimes more than one options are available to attain the success of the main func-
tion. Each function in the functional flow diagram contains a number that corresponds to the same function in the
functional breakdown structure.

3.2. FUNCTIONAL BREAKDOWN

A functional breakdown is a logical grouping of functions according to a predetermined set of criteria [5]. As men-
tioned beforehand, the main criteria to be developed are functions belonging to the six parts of the aircraft operation.
Each criterion is developed further down, to a maximum of 3 levels deeper, into more detailed functions. However, for
the aid of the design of purpose, only the functions that have a significant impact on the concept design are further
developed.
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OBJECTIVES AND REQUIREMENTS

In this chapter, the objectives and requirements that drive the design are explained. The design objectives are shown
in Section 4.1 and the requirements list is shown in Section 4.2.

4.1. DESIGN OBJECTIVES

In order to design a competitive aircraft that can compete on the global market and contribute to a future of sustain-
able aviation, a set of design objectives have been defined. The design objectives are listed in Table 4.1

Table 4.1: Design Objectives

Objective Type

Aircraft recurrence cost shall be minimised. Cost
Non-recurrence cost shall be minimised. Cost

The aircraft’s carbon footprint over the entire life cycle shall be minimised. Sustainability

The aircraft’s NO, emissions shall be minimised. Sustainability
Minimise noise inside the cabin. Sustainability
Increase passenger comfort by lowering cabin altitude from 8000 ft. Passenger comfort
Increase passenger boarding efficiency and decrease turn around time compared to competing aircraft. | Passenger comfort

The design objectives originate from the market analysis and the project objectives of the team. Minimising non-
recurring costs will allow for competitive aircraft pricing and higher returns. Recurring cost, and direct operating cost,
in particular, are key parameters to airlines and therefore a strong indication of market competitiveness. Measures of
reducing direct operating cost include, for example, reducing operating empty weight and reducing engine specific
fuel consumption.

As environmental considerations become more important around the world, special emphasis is put on reducing the
aircraft’s emissions and reducing noise both inside the cabin and outside of the aircraft. Sustainable design includes,
amongst others, reducing CO, and NO, emissions.

4.2. REQUIREMENTS

The requirements are shown in Table 4.2 and are presented in five different categories: structural, performance, op-
erations, stability & control and sustainability. Alongside the requirements, the means of compliance is specified to
indicate how compliance with requirements can be proven. The timeline and origin of the requirement are speci-
fied to trace the timeline and source respectively. The timeline is defined to be the checkpoint when the requirement
can already be checked and two of them are established; mid-term report (MTR) and final report (FR). Regarding
the sources, there are four main origins of the requirements; the American Institute of Aeronautics and Astronautics
(AIAA), the Federal Aviation Administration (FAA)', International Civil Aviation Organization (ICAO) and the market
analysis. All requirements specified have been cross-referenced with the authority regulations to meet the current
aviation standards.

1pAA Regulations. Accessed November 2019. https://www.faa.gov/regulations_policies/faa_regulations/
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Table 4.2: Requ

irements list

d ‘ Requirement ‘ Means of li ‘ When ‘ Origin
Structural

HCSR-STR-001 Th.c cabin shall.bc prcs.surlscq to 8,000 ft pressure Hoop stress, Flrcumfcrcntlal MTR | AlAA
altitude at maximum flight altitude stress analysis
'Wing span shall be smaller tha to confi 1

HCSR-STR-002 ing span shall be smaller than 65 m to conform to Class I configuration design MTR | AIAA
type V gate dimensions

HCSR-STR-003 Tail height sh.all be Fmaller than 20.1 m to conform to Class T configuration design MTR | AIAA
type V gate dimensions.

HCSR-STR-004 Business class seats shall have a 36" pitch Cabin layout Class I MTR | AIAA

HCSR-STR-005 Business class seats shall have a 21" width Cabin layout Class I MTR | AIAA

HCSR-STR-006 Economy class seats shall have a 32" pitch Cabin layout Class I MTR | AIAA

HCSR-STR-007 Economy class seats shall have a 18" width Cabin layout Class I MTR | AIAA

HCSR-STR-008 The aireraft shall fit in a A380 hangar of 180m x Aircraft layout Class I MTR Market Analysis

140m x27.5 m

Aircraft cargo compartments shall allow storage of

HCSR-STR-009 . Cabin layout class I MTR | AIAA
at least 5 cubic feet of luggage per passenger
HCSR-STR-010 The pilot overnose angle shall be atleast 11 degrees Class I cockpit/fuselage design MTR | Market Analysis
HCSR-STR-011 The pilot overside angle shall be atleast 35 degrees Class I cockpit/fuselage design MTR | Market Analysis
HCSR-STR-012 The aircraft systems shall fit into the aircraft Class I cockpit/fuselage design MTR | Market Analysis
HCSR-STR-013 All pa.ssengers and crew shall fitand be seated in Class I cockpit/fuselage design MTR Market Analysis
the aircraft
HCSR-STR-014 The required volume of fuel shall fit inside the tanks Class I cockpit/fuselage design MTR | Market Analysis
HCSR-STR-015 The passenger cargo shall fit inside the cargo hold Class I cockpit/fuselage design MTR | Market Analysis
Performance
The aircraft shall be able to take-off from a runway
HCSR-PER-001 x:: :?;:::s;e;ctﬁle:‘::; l(JIfS &l;]*(‘)l()ngs?::'lgjmum Class I sizing thrust loading/wing loading diagrams | MTR | AIAA
take-off weight according to FAA 14 CFR part 25
The aircraft shall be able to land on a runway with
HCSR-PER-002 dry pavement (sea level ISA +15 degrees C) at the Class I sizing thrust loading/wing loading diagrams | MTR | AIAA
end of the design range mission
HCSR-PER-003 The maximum appmach spee_cl s.hall be 145 kisat Class I sizing thrust loading/wing loading diagrams | MTR | AIAA
the end of the design range mission
HCSR-PER-004 The aircraft shall have a parking brake Aircraft system feature FR Market Analysis
For a mission range of 700 nmi the aircraft shall
HCSR-PER-006 have a flight time of under 2 hours 15 minutes Aircraft design cruise speed MTR | Market Analysis
under no wind conditions
HCSR-PER-007 Z::;Tﬁ;?;jlgg (kzl)a]\;ev\z;[:}::i(c)‘guel Engine specification MTR Market Analysis
HCSR-PER-008 In thF landing configuration, the steady gradient Class I climb performance MTR | FAA
of climb may not be less than 3.2 percent
With one engine inoperative take off and landing
HCSR-PER-009 gear retracted, The steady gradient of climb may Class I climb performance MTR | FAA
not be less than 2.4 percent for two-engine aircraft
Take-off distance shall be the distance greater
. between the OEI take off length, the accelerate-sto . . N . - y
HCSR-PER-010 distance and 115 % of the talfe off distance when alllj Class I sizing thrust loading/wing loading MTR | FAA
engines operatives
The positive limit manoeuvring load factor n for any
speed up to Vn shall not be less than
HCSR-PER-011 2.1+ 24,000/ (W +10,000) except that n may not be Class I V-n diagram MTR FAA
less than 2.5 and need not be greater than 3.8 - where
Wi s the design maximum takeoff weight
HCSR-PER-012 The negative limit manoeuvring lo‘ad factor shall not Class I V-n diagram MTR | EAA
be less than -1.0 at speeds up to VC
If wing flaps are to be used during takeoff, approach,
HCSR-PER-013 or landing the resulting limit load factor shall not Class I V-n diagram MTR | FAA
exceed +2.0
Operational
HCSR-OPR-001 The aircraft shall fit 400 passengers Cabin layout MTR | AIAA
HCSR-OPR-002 Business class shall fit 50 passengers Cabin layout MTR | AIAA
HCSR-OPR-003 Economy 350 passengers Cabin layout MTR | AIAA
HCSR-OPR-004 The aircraft’s Entry into Service shall be 2029 Confirm availability of each subsystem FR AIAA
HCSR-OPR-005 ;f}l:z;:craﬂ shall have a turnaround time of less than Statistical estimation with reference cabin layout FR Market Analysis
HCSR-OPR-006 The aircraft crew shall consist of 2 pilots and 8 cabin Cabin layout MTR | AIAA
attendants
HCSR-OPR-007 Alrc'raft fuselage shall have a_t least two'type A doors Cabin layout class 11 FR FAA
available for standard boarding operations.
If a Type A, Type B, or Type C exit is installed, there . . . .
HCSR-OPR-008 shallybrzz at 1035 two Typyg)c or larger exits in each side Exlerlorlspeclﬁcanon, doorand fuselage sizing, FR FAA
and cabin layout
of the fuselage.
HCSR-OPR-009 Fmergency exits at each side.of the aircraft shall Exterior_speciﬁcation, door and fuselage sizing, R FAA
include at least two Type I exits or larger and cabin layout
For the maximum number of passengers in the aircraft, Exterior specification, door and fuselage sizing
HCSR-OPR-010 the amount and type of emergency exits shall be . ! g FR FAA
installed complying with part 25.807 of 14 CFR part 25 and cabin layout
At any point between seats, the passenger aisle width
e more than 63.5 cm above floor shall be at least 50.8 cm - L.
HCSR-OPR-011 and the passenger aisle with less than 63.5 cm above Cabin layout and fuselage sizing MTR | FAA
floor shall be at least 38.1 cm
HCSR-OPR-012 Forany passengelj seat in the cabin, their shall be no Lo cabin layout and fuselage sizing MTR | FAA
more than two adjacent seats between seat and a cabin aisle
In case of emergency, all passengers (in full capacity)
HCSR-OPR-013 and number crew members shall be evacuated from the cabin layout with statistical comparison FR FAA
aircraft to the ground within 90 seconds
Aircraft's dimension and layout shall be compatible with Class I sizing, design comparison with
HCSR-OPR-014 the gate V ground servicing equipment with sufficient N . MTR | Market Analysis
. . reference aircraft ground handling manual
clearance and distance for ground operation
HCSR-OPR-015 The aircraft shall have atleast one accessible lavatory Cabin layout and fuselage sizing FR FAA
Stability and Control
The aircraft shall have level 1 handling qualities when
HCSR-SCR-001 all systems are in their normal operating state; level 2 flying 1 1 214 tability diagrams (Flight dynamics) | FR | FAA
qualities after failures occuring approximatly once during the
aircrafts lifetime; level 3 flying qualities after rare failures
HCSR-SCR-002 The time (o achieve 50 deg bank angle shall be less Sizing ailerons and compute control derivative FR | FAA
than 1.5 sec
HCSR-SCR-003 Longitudinal control force for prolonged application Designing trim tab and calculate control force FR FAA
shall be less than 10 Ibs
HCSR-SCR-004 The aircraft shall have stable longitudinal eigenmotions Real part Longitudinal eigenvalues <0 FR FAA
HCSR-SCR-005 The aircraft shall have stable dutch roll mode characteristics | Real part lateral eigenvalue <0 FR FAA
bility
HCSR-NF-SUS-001 | The aircraft shall allow for segregated waste stowage on board | Aircraft subsystem feature FR FAA
HCSR-NF-SUS-002 | Noise level shall comply with the ICAO chapter 4 standards Engine specification, MTOW-Noise statiscal FR ICAO

comparison
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SUSTAINABILITY DEVELOPMENT STRATEGY

One of the important parts of project is the development of sustainable aircraft. So first, the main criteria of sustain-
ability in this particular context are defined. After doing an in-depth analysis of the main criteria, it was decided to
put the main focus on the following pivotal aspects:

* Determine the optimum fuel consumption.

* Reducing the emissions of NO,

* Reducing the emissions of CO5.

* Reducing the cumulative noise levels as a result of airframe and propulsive noise.

To assess the performance of the FB400 aircraft from a sustainable point of view, it is necessary to meet the preset
requirements. From this perspective, it is important to have a proper look at an appropriate reference aircraft that
has implemented the current state-of-art technology and try to achieve better results. Simultaneously, it is required to
make the output values of the fuel consumption analysis a valuable part of the continuous iteration process. In Sec-
tion 5.1, more details will be provided regarding the technical aspects under the auspices of sustainability. Moreover,
the manufacturing process of the FB400 aircraft will be discussed in Section 5.2. And last but not least, some relevant
end of life solutions will be analysed and discussed in Section 5.3.

5.1. THE TECHNICAL APPROACH

As can be deduced from Chapter 12, it is necessery to achieve an optimum fuel consumption at the first place. In
order to conduct a comprehensive analysis, the ‘SAR-methodology ’ has been carried out and implemented in a very
detailed way. To be able to calculate the specific air range that is denoted by the term ‘SAR’, it is scientifically and
mathematically Equation 12.2 required to have detailed information (SAR) on the following three main input param-
eters:

1%
SAR = a (5.1)

2
WC]'
cr-0.5- pVCZrS(CDo + (0.5.pVCZrS) ’ ﬁ)

 Altitude
* Weight
* Velocity

To dive a bit deeper into this method, but at the same time keeping a clear overview, the specific air range is the direct
derivative of the distance ( which is covered by the aircraft throughout the entire flight or a specific stage ) relative to
the continuous change in total weight of the aircraft. As the FB400 aircraft should be able to cover a total distance
of 3,500 nm, the conclusion was drawn that the cruise stage is by far the most dominant stage throughout the entire
flight; not only in terms of flown distance, but especially the amount of fuel weight that needs to be consumed. As
the SAR can be regarded as the instantaneous ratio between the total distance flown through the air and the amount
of fuel that is burned in order to cover that particular distance, by making use of the steady level flight conditions (
throughout the cruise stage ) and thus the arrangement and substitution of terms, it becomes clear that the SAR is
directly dependent on the following aircraft design parameters:

e Zero lift drag coefficient
e Lift over drag ratio
* Total wing area

By implementing the analysed and calculated aircraft design characteristics ( mainly obtained from implementing the
Class I method ), the SAR at different altitudes for different velocities can be obtained. However, the purpose of this
analysis is to feed the overall ongoing iteration process on a consistent basis. So a detailed sensitivity analysis of the
SAR vs the main parameters as the wing area, lift over drag ratio, velocity at varying altitudes had to be conducted.
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The obtained results in terms of optimum fuel consumption at a specific altitude and for a particular velocity are
incorporated in the iterative process in order to enhance the contribution of sustainability to the overall design.

At a certain stage during this project, it is obligatory to assess the different conceptual designs based on different main
criteria. Regarding the decisive trade-off that needs to take place between the different conceptual designs, sustain-
ability is one of the absolute heavyweight factors. The fuel consumption analysis is carried out for each individual
design and the subsequent impact on global warming at each altitude is analysed by looking at one common point in
terms of velocity and altitude. As far as noise is concerned, the propulsive noise due to the chosen engines for each
concept is assessed and taken into consideration in the trade-off.

As far as the FB400 design is concerned, which comes as the absolute winner out of the trade-off, it is already men-
tioned how the fuel consumption detailed analysis is incorporated in the process of continuous iteration. Secondly,
the global warming impact of the greenhouse emissions needs to be analysed in depth. However, it is known from
constructive literature studies that the lower an aircraft flies the beneficial it becomes from the perspective of global
warming impact. The main and only output of the global warming analysis is altitude. From this perspective, recom-
mendations can be made regarding the altitude that the FB400 preferably can fly at. The main metrics that are used in
order to carry out this analysis are the global warming potential (GWP) and the radiative forcing (RF). These analyses
are mainly based on the fact that the emissions of CO, and NO, should be reduced as much as possible.

The third pillar, regarding sustainability, that needs to be taken into consideration is the emission of noise. Noise can
be subdivided into two subcategories:

* Propulsive noise
* Airframe noise

The decision is taken to come up with a noise analysis, rather than a complicated analysis that should be part of
the continuous iteration process. The noise analysis will be based on the final aircraft lay-out and configuration. As
the impact on the interation process is so huge in the case that the engines and landing gear should be shifted up-
or downstream the trailing edges of the FB400, it is chosen to come up with recommendations regarding favourable
engine- and airframe positions.Furthermore, by analysing ways to apply shielding and acoustic liners ( at the fan inlet
location ) an overall reduced cumulative noise level can be achieved.

5.2. THE MANUFACTURING PROCESS
In the manufacturing process, all the parts are created with the final goal of completing the assembly and rolling the
aircraft out of the production line. Making a sustainable design already starts at the manufacturing process. Lean
manufacturing plays an important role here. The motivation behind this specific type of manufacturing is that the
amount of waste should be minimised. In this context, the meaning of the word waste in lean manufacturing is any
costs or effort that have been spent regarding the transformation of raw materials into an item the customer is actually
not willing to pay for. The easy conclusion to draw is that waste in any form or shape should be prevented. It looks at
the different type of actions taken during the process and rates them as valuable or waste. They are defined as follows
[6]:

 Actions that lead to something in which the buyer sees value.

* Actions that do not have a direct value for the potential customer, but in every way it is inevitable to undertake

these. For example, the transportation of parts to warehouses.
* Actions which have absolutely no additional value (waste) and should be avoided as much as possible.

Out of the three aforementioned categories, only the first one can not be regarded as waste. The preset goal is to reduce
waste wherever possible in order to enhance the positive implementation of sustainability. From this perspective, it is
essential to cut down the waste from categories two and three. As one can imagine there are different sorts of waste,
such as processing, transportation and economical waste. All these forms of waste are directly or indirectly related
to sustainability. It can be of pragmatic importance to make use of manufacturing inventory software in order to
speed up the manufacturing process and to save time by eliminating unnecessary steps. Furthermore, it is important
to minimise the usage of water. One of the pioneering techniques that definitely can be used is 3D printing, as this
particular technique does not generate any waste.

Reducing waste as a result of processing is of large importance as well. For composite materials a lay-up processes
are preferred since they limit the waste material. For metals like aluminum, casting is a good solution. It will limit the
waste which would otherwise be cause by milling or drilling for example.

One of the actions that is interesting to have a deeper look at is the transportation of parts and assemblies to certain
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locations. It would be an ideal situation to have all the components coming from the same area, however this is not
realistic. The parts of a transport aircraft nowadays come from countries throughout the whole world. Nevertheless,
it is still interesting to research the possibilities.

For the final assembly line, it might be interesting to discuss the possibility of having it near an airport. Once it rolls
off the band and is ready to fly, it can easily transport itself to the location the buyer would like to have it. For the
production of the smaller components, like high lift devices, doors and windows, the location does not have many
restrictions. An idea would be to place it close to a railway station as these components can be easily transported by
train.

5.3. END OF LIFE SOLUTIONS

Until this very day, the vast majority of the aircraft that are no longer operative can be labelled as inefficient. Logical
sense dictates that it should be possible to come up with creative ways to find sustainable solutions for an aircraft that
has exceeded its lifetime cycle. The idea that immediately could pop up is that such an aircraft should be recycled
by disintegrating the parts that it is composed of. The process of recycling can definitely contribute to minimise the
environmental impacts. There are various different customers, which can be potentially interested in specific parts
that are still functioning well and/or materials. From this perspective, it is highly recommended to unfold a strategy
to recycle as many parts of the aircraft as possible after the expiration of the lifetime cycle [7].

The plan of approach is to remove numerous components and materials including short and long glass and carbon
fibre composites, aluminium, wires, textiles and carpet, landing gears, electronic devices, foam, fluids, galley carts,
trays, and overhead bins and engines [8]. By far,the parts that represent the most valuable value are the engines and
parts which can be reused or renovated and resold. From the perspective of retrieving parts, which still represent
considerable financial value, it is essential to keep a detailed maintenance log [8].In order to avoid unnecessary waste
of time, money, transport and energy;, it is important to re-use functioning parts or to sell them to interested customers.
Parts that still represent value but are not immediately ready for reuse should be considered whether they can be
subjected to renovation or not. After this, these parts can also be reused or resold.

After all the aforementioned procedures has taken place, the airframe of the original aircraft is left over. The airframe
structure can be composed of different metal sorts, alloys and ( thermoset and thermoplastic ) composite parts. In
regard to the FB400, the airframe structure is in its entirety composed of quasi-isotropic carbon fibre composite and
aluminum alloy. Composite materials are widely used in the aerospace industry, as these materials have a higher
strength, lower weight and less maintenance compared to conventional materials, as well as a long lifespan [9]. Being
aware of all the aforementioned benefits, the conclusion can be drawn that the use of composite materials is justified
from a sustainable point of view.

The following step, which is necessary before the recycling process can begin, that needs to be performed is separating
quasi-isotropic carbon fibre composite from aluminum alloys. One of the most jaw dropping current state of the art
techniques, which can be applied to recycle composite materials, is thermal co-processing [9]. The benefits can be
summarized as follows [9]:

e Suitable for post-consumer waste.

* Lower carbon emissions (compared to conventional techniques) of cement processings.

* Decreases costs of waste management.

 Saves on virgin materials.

* No residues left behind.

* Energy from resin matrix.

* Solid residue (fibre ashes,mineral fillers).

* Actual system “mission proven” through successful ground or space mission operations (TRL 9).

With the increase in prices of virgin raw material and the high standard environmental norms set by the government,
it has become compulsory to recycle metal waste [10]. Some innovative techniques had to be developed in order
to attain a higher yield than the conventional recycling processes [10]. High-pressure torsion (HPT) is applied as a
new technique for the recycling of aluminum. The main objective of this specific technique is to convert nonferrous
waste directly into the end product by making use of shear for effective consolidation. The re-melting procedure is
abandoned with this new technique.
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DESIGN METHODOLOGY

In this chapter, the overview of the design process is presented. First, the three design phases are presented in Sec-
tion 6.1. Then, the trade-off method is given in Section 6.2. Finally, the verification and validation procedure is ex-
plained in Section 6.3.

6.1. DESIGN PHASES
The design process of the High Capacity Short Range aircraft is divided into 3 different phases.

To begin with, in design phase I the requirements are defined and the concepts are explored with the aid of a design
option tree. The combination of the two creates a starting point to generate three conceptual designs. These three
designs are the outcome of design phase I as a contender for the design of the High Capacity Short Range aircraft. The
results of design phase I is summed up in the baseline report [1].

In Design phase II the three design concepts are developed with class I sizing method. In this phase, the main aircraft
system (such as pressurisation, hydraulics, and control systems) are defined with an additional brief insight on the
operation of the three designs. Each of these designs’ properties are analysed to be traded off and give out an output
of only one final design. The results of design phase II is summed up in the midterm report [2].

Finally, In Design phase III the chosen design is improved using class II sizing methods and this is iterated with parts
of the class I sizing. This is combined with more detailed analysis of the various disciplines, namely aerodynamics,
structures and control and stability. Taking the outcomes of these into account the performance of the aircraft is
optimised to be compatible and competitive in the targeted market. Furthermore, a financial analysis of the aircraft
design is performed and a production and project plan are composed to complete the design process. The results of
design phase I1I is summed up in this report.

6.2. TRADE-OFF METHOD

The trade-off methodology is taken based on the method explained in the Systems Engineering & Technical Manage-
ment Techniques lecture notes [5]. It is chosen to go for a trade-off method using weight factors. The criteria get a
weight factor from one to five, with one being the least important and five the most important. Furthermore, each
concept or design option can get one of the following ranks: poor - mediocre - sufficient - good - excellent. For cal-
culation purposes, these ranks are given a score one to five respectively. Furthermore, the weights are normalised to
enable a standardised comparison between the criteria.

6.3. VERIFICATION AND VALIDATION METHOD

During the whole design process, the design has to be verified and validated. The procedures are defined in the fol-
lowing sections, starting with the verification and the validation follows after. It is important to define the procedures
in an early stage, so that they can be maintained throughout the development of the design.

6.3.1. VERIFICATION
Multiple models are created during the design. It is necessary to verify the models from the start of the project in order
to minimise wrong inputs to further design phases.

In the design process, different programs such as spreadsheets, Python and MATLAB are used. The spreadsheets are
mainly used for calculating the take-off weight, the c.g. position and other aircraft parameters important for sizing
in design phase I, I and III. Python is used in design phase II to analyse the environmental impact and operational
analysis. MATLAB is used in design phase III to calculate the fuselage weight and the stability and controllability of
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the aircraft. These models are verified using unit tests and system tests, as described below.

In design phase I, Il and III there are multiple spreadsheets for each conceptual design and topics. These spreadsheets
include multiple tabs and hundreds of references between them. Each of these topics are verified using unit tests.
Firstly, all the equations and values are checked whether they are correct and entered correctly. Also the units are
checked, because there is a large combination of SI and imperial units. Secondly, all parameters are checked if they
are linked to a central tab, meaning that if the user changes the value here, it changes everywhere it needs to change in
the calculation sheets automatically. Thirdly, different inputs are given to the model and the expected results should
follow. For example, if the equation is a long multiplication of values, this would mean that increasing a value by a
factor two will also increase the outcome by a factor two and setting it equal to zero should lead to an outcome of zero.

After checking all tabs on their individual functionality, a system test is needed to check if the different tabs also work
well together. Firstly, it is checked whether all the values are linked well together. Secondly, an input is changed and
the expected outcome is compared to the calculated one. This can be either a realistic input or a singular input. If
they are in a range of 5% of each other, the test is considered successful.

In design phase II and III Python and MATLAB are used. Verifying the code is done in multiple ways. Firstly, run-
ning the code through the compiler will bring up syntax errors which are then fixed by the user. Secondly, unit tests
are needed to verify the individual units of the code. These tests can for example check the system’s response on a
singularity input. Also for the stability and control analysis, the conversion to state space can be verified by check-
ing whether the state-, feed-forward-, input- and control matrix dimensions are correct. Furthermore, the resulting
system responses of the aircraft dynamics can be plotted to verify if the responses match the expected results from
theory. The root locus graph can be plotted to compare eigenvalues, damping ratios and natural frequencies of the
resulting system with reference aircraft. After tuning the controller gains, the gain values can be compared to other
aircraft controllers to verify if the gain is reasonable.

The accuracy of the used tools also has to be taken into account. It is known that the spreadsheets only have an
accuracy of 14 decimal digits. However, when multiplying this with aircraft weight in the order of 10° this is still
acceptable. The accuracy of python and MATLAB can be increased far beyond 14 decimal digits and is thus considered
not to be limiting.

6.3.2. VALIDATION
During validation, it is checked whether the results of the models represent the physical problem accurately. This is
done with the use of reference aircraft.

In order to validate the spreadsheets, the aircraft parameters from a reference aircraft are entered and the result is
checked. Furthermore, parameters from examples in the book of Roskam [4] can be entered to validate the spread-
sheets. Since class I weight estimations belong to the start of conceptual design, a margin of 10% is used when com-
paring the spreadsheets to the reference aircraft.

The stability derivatives and corresponding system eigenvalues can be validated using reference aircraft. For Blended
Wing Body aircraft, this means comparing obtained derivatives to values supplied by other papers. If it is not possible
to find certain values of reference aircraft, it is possible to take data from other aircraft. NASA provides data from
state space matrices from the X-29A and X-31A ' . As a last resort, a lot of quantitative data is available for the Cessna
Citation II from the flight test performed in the third year of the Bachelors of Science. Validation using this data should
be performed keeping in mind that the Blended Wing Body will have different flight behaviour. The eigenvalues give
information about different motions. These motions can for example be short period, spiral, phugoid and dutch roll.
The aircraft responses during these motions is compared to the responses of the reference aircraft.

The validation is different for every type of model. This is why most of the validation techniques are described at the
end of each chapter, if used. Also the results will be presented.

1Linearized Aerodynamic and Control Law Models of the X-29A Airplane and Comparison With Flight Data. Accessed December
2019. http://jsbsim.sourceforge.net/NASA_TM-4356.pdf

2Linearized Poststall Aerodynamic and Control Law Models of the X-31A Aircraft and Comparison With Flight Data. Accessed
December 2019. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19980004669.pdf
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DESIGN PHASE I AND 11

In this chapter the first two phases of the design is summarised. Starting off with the recap of Phase I, the concept
selection is summarised in Section 7.1. Then, phase II starts with the refining of the concept in Section 7.2. The trade-
off of the concepts starts with the definition of the criteria in Section 7.3, then the trade-off is done in Section 7.4.
Sensitivity analysis is conducted in Section 7.5 and finally the outcome of phase I and II is concluded in Section 7.6.

7.1. CONCEPT SELECTION

After analysing the requirements list in Section 4.2, multiple options are considered. Three of these concepts are
taken into the next phase, which is class I sizing, and will go through a secondary trade-off later. Here are the multiple
options considered that are not chosen to go through the next phase.

Redesign existing aircraft: Since long-range aircraft with the same amount of passengers exist, its wings and engines
could be redesigned for short-range. This option is a very feasible one as all technology already exists. Sustainability
can be taken into account by selection of sustainable materials, engines and manufacturing techniques.

Delta wing: This concept is mostly related to wing planform design for efficiency. Such aircraft already exist but the
delta wing is most efficient for supersonic flights. However, FAA Regulations state that supersonic flight over land is
not allowed '. As the aircraft is going to be designed for short to medium range, most flights will take place over land
and the delta wing is not fuel-efficient at subsonic speeds so this is not a preferred concept

Flying wing: This concept suggests that no fuselage and tail exist but only a wing. This wing is made thicker so that
it can accommodate passengers in it. With this design, the aerodynamic performance is improved. An example of a
flying wing design for commercial aviation is the Flying V. It is more fuel-efficient than conventional designs. However,
the technology readiness level is still low and certification processes, in general, take a long time. Initial certifications
can take up to five years as well as amended certifications [11]. Thus, getting such an aircraft into service before 2029
is unrealistic.

Double bubble flat fuselage: This idea suggests expanding the fuselage horizontally. This will improve the aerody-
namic properties of the aircraft and allows for more cabin space. It should, however, be considered that oval cross-
sectional shapes are worse in dealing with the pressurisation of the cabin than circular cross-sections. The concept
of the double bubble flat fuselage is relatively new and its technology readiness level is low. According to NASA, it is
predicted that this type of aircraft can have an entry into service by 2030-2035 °. This is at least one year too late for
this project and is thus not a preferred concept.

All the concepts have their advantages and disadvantages but taking into account requirements and design objec-
tives, three concepts are chosen to continue to the next design stage. The chosen concepts are Conventional aircraft
(Figure 7.1) because it is feasible and reliable, Double Deck aircraft (Figure 7.2) in order to investigate if an implemen-
tation of the high fuselage and small wings and engines is possible and Blended Wing Body (Figure 7.3) because of
aerodynamic performance.

Conventional aircraft: Instead of redesigning an existing aircraft, as stated as one of the options above, it might be
more efficient to start the design of a conventional aircraft from scratch. The aim is to come up with a conventional
aircraft design for short-range flights with 400 passengers by also implementing sustainability in all steps of the design.
This concept is feasible since similar aircraft have already been developed. A sketch of this concept can be found in
Figure 7.1.

Double Deck aircraft: Double Deck aircraft combines the idea of having two decks in order to accommodate passen-
gers more efficiently and at the same time have a conventional small wing and short fuselage to fulfil the requirements

1FAA Regulations. Accessed November 2019.https: //www. faa.gov/regulations_policies/faa_regulations/
2Double Bubble D8. Accessed November 2019. https: //www.nasa.gov/content/the-double-bubble-d8-0
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for short-range. This concept is feasible because double-deck aircraft are already in service.

Blended Wing Body: The idea behind this concept is to improve the aerodynamic properties of Conventional aircraft
by blending the wing and the fuselage. This will make the passenger deck wide enough to accommodate 400 passen-
gers while increasing the fuel efficiency. A lot of research, wind tunnel tests and some scale model test flights have
already been done for this concept so it is a feasible option [12].

Figure 7.3: Blended Wing
Figure 7.1: Conventional aircraft Figure 7.2: Double Deck aircraft Body aircraft

7.2. PRELIMINARY SIZING OF CONCEPT

Three concepts are selected to enter the preliminary design and consequently the trade off process. This design stage
consists of initial system sizing. Firstly, the payload weight is calculated based on requirements, after which the max-
imum take off weight and operating empty weight are calculated with the help of the mission definition and fuel
fractions. The weights are then iterated with respect to empirical relations. Afterwards, design constraints are defined
and matching diagrams are constructed based on those requirements. Moreover, the drag polar is estimated based on
wetted area vs wing area ratio, friction coefficient and optimum lift coefficient. From the take off weight and the wing
loading computed in the matching diagrams, the wing area is calculated. After that, the main wing parameters such as
span, aspect ratio, sweep angle, MAC and thickness to chord ratio are calculated. This is followed by airfoil selection
and engine sizing. The engines of the aircraft are sized with the rubber sizing method using the GE9X for a reference
engine [13]. Furthermore, a trade off is performed in order to select the type of engine that is going to be used in the
design. The fuselage sizing is performed based on requirements and the concept layout chosen earlier. A circular cross
section is chosen for both the Conventional and Double Deck aircraft, whereas the fuselage of the Blended Wing Body
is sized according to the triple arc principle. The cabin arrangement for each concept is also designed at this stage.
Afterwards, a preliminary estimation of the centre of gravity is done, which is then used to determine the position and
size of the landing gear and the tails of all the concepts. The most important parameters from the design process are
shown in Table 7.1.

Table 7.1: Concept design parameter summary

Blended Wing Body Conventional Aircraft | Double Deck Aircraft

Altitude [km] 13 11.6 11
M (] 0.81 0.81 0.81
Wio [kN] 1589 1754 1719
Woe [KN] 848 917 900
(L/D)¢r 23.3 18.6 19.2
Wing Mid Low
Engine n = 2, fuselage-mounted n = 2, wing-mounted
Tail 2 vertical on fuselage 1 conventional on fuselage
Landing Gear Tricycle, nose wheel = 2, main wheel = 8
S [m?] 591 327 321
Al] 5.4 10.8 10.9
b [m] 56.7 59.7 59.5

Rear bulkhead =10x 3.3
Arus ] Mid bulkhead = 13.7 x 4.9 63 63
Swet/S ] 25 6.3 5.8

7.3. TRADE-OFF CRITERIA

For the design trade-off, the criteria needs to be defined. Among the various properties of the designs, only the most
significant ones are chosen. Each criteria is assigned a weight factor as an indication of the level of importance decided
by the group.
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The chosen trade-off criteria are the followings:

Cost: Cost dictates the features of the design, as a more advanced design may be more profitable and more
efficient, but comes with a higher cost. Two sub-categories of cost are analysed: recurring and direct operating
cost. Recurring cost is paid only once while direct operating cost is a repetitive cost. From the perspective of
the customer, the recurring cost is given a weight of 2 and the more significant direct operating cost is given a
weight of 5.

Risk: This category consists of technology readiness level, reliability and external threats. Since TRL and reli-
ability are very important for a new design, especially having in mind the time constrain for the product, they
are given a weight of 2, whereas the external threats have a weight of 1.

Sustainability: Another main objective of the design is to minimise the environmental impact and create a
sustainable design. Two parameters are taken into account: fuel consumption and global warming impact,
both with a weight of 3.

Turnaround Time: In terms of profitability of an aircraft, to have a shorter turnaround time is favourable. It
is an important trade-off criteria but at this point of the design phase, it is not as significant as the others.
Therefore, it is given a weight factor of 2.

Passenger Comfort: Even though passenger comfort is an important factor, it is not the top priority for the
design. So the given weight factor is 1.

Originality: To have an advantage in the market, the design needs a unique selling point. For this reason a
weight factor of 3 is given to originality.

Flexibility: To be able to expand the market share, it is favourable to have a design that is flexible enough in
terms of its payload-range properties and the possibility of it having a family design. However, it is not the
priority of this design phase, so both of its categories, being design flexibility and mission flexibility, are given a
weight factor of 2.

7.4. CONCEPT TRADE-OFF

In the following, the criteria are analysed and the final trade-off is summarised in Table 7.2. Each main category is in
different colour and has multiple subcategories, as described in Section 7.3. Moreover, the most favourable design for
each category is coloured in green and the least favourable in red, the one in between is coloured in yellow.

Table 7.2: Trade-off Summary Table

Criteria Weight factor Blended Wing Body Conventional Aircraft Double Deck Aircraft
Recurring cost 2 2 Mediocre 4 Good 4 Good
Cost 92.8 M$/unit 87.1 M${unit 87.2 M$/unit
Direct operating cost 5 5 Exceller.lt 2 Medloc.re 4 Good.
219 $/nmi 232 $/nmi 223 $/nmi
Reliability 2 3 Sufficient 4 Good 4 Good
Risk TRL 2 2 Mediocre 4 Good 3 Sufficient
External threats 1 3 Sufficient 4 Good 3 Sufficient
Fuel consumption 3 5 Excellent 3 Sufficient 4 Good
Sustainability 0.00774 kglkm/pax 0.0116 kg/lkm/pax 0.0106 kglkm/pax
Global warming impact | 3 5 Excellent 3 Sufficient 4 Good
2 5 Excellent 3 Sufficient 3 Sufficient
turnaround time boarding = 17.2 mins boarding = 21.1 mins boarding = 28.1 mins
Fuel for 700 nmi =23.000 L | Fuel for 700 nmi=28.000 L | Fuel for 700 nmi=27.000 L
Passenger comfort 1 3 Sufficient 4 Good 4 Good
Flexibility Defsign ﬂexil.)il.it.y 2 2 Med%ocre 4 Good 4 Good
Mission flexibility 2 2 Mediocre 5 Excellent 4 Good
Originality 3 5 Excellent 1 Poor 3 Sufficient
Total Score 4.1 3.1 3.7

7.4.1. CosT

The cost is important for two of the project objectives: Minimise the operating cost of the aircraft for the reference
mission and minimise recurring cost. For the operating cost only the direct operating cost will be taken into account
for the trade-off, since the indirect operating cost is only given as a fraction of the direct operating cost in this stage. A
higher direct operating cost will thus result in a higher operating cost.

Table 7.3: Direct operating cost and recurring cost

Blended Wing Body | Conventional Aircraft | Double Deck Aircraft
Caoc [$/nmi] 219 232 223
Recurring cost [M$/unit] 92.8 87.1 87.2
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The table shows that the Blended Wing Body has a lower direct operating cost than the other concepts, but a higher
recurring cost. For the Conventional Aircraft this is the other way around and the Double Deck Aircraft scores average
for both criteria. Different weights are given to both criteria.

7.4.2. RISK ANALYSIS

The risk trade off is based on the technical risk analysis. The most dangerous risks and the potential threats are
analysed for each concept individually. Afterwards, weight is assigned based on the severity of the risks for each
concept. Based on these factors the total risk score is determined and filled in Table 7.2. It is expected that the more
original and innovative a concept is, the larger risk it has. This is because of TRL, uncertainty in the design parameters,
certification issues or client and user uncertainty.

The most severe risks for the blended wing body are infeasible design, high cost due to low TRL, difficulties in certifi-
cation, clients and users not trusting in the aircraft and low maintenance flexibility. These risks are related to all three
parameters, which is why this concept has lowest score. The risks that are most severe for the conventional design
are lack of flexibility in terms of sensitivity and structural failure due to impact with foreign objects. However, these
are only two of the 28 severe risks that are analysed for each concept, which is why the risk score of the conventional
aircraft is overall high. The Double Deck aircraft has four severe risks, including infeasible design, high cost due to low
TRL, low maintenance and low design flexibility. This is what categorises this concept between the other two in terms
of risk.

7.4.3. SUSTAINABILITY

To trade off the concepts regarding sustainability, actual values were needed to compare the concepts. The specific
air range (SAR) has been used to compare the concepts when it comes to radiative forcing. The SAR was used to
compute the amount of kilograms of fuel needed per kilometre per passenger. Table 7.4 shows this fuel consumption.
The last column shows the fuel consumption of the three designs when flying on the same altitude. This is because
the radiative forcing is not just dependent on the fuel consumption, but also on the height. In order to create a valid
comparison between the concepts, they are considered to fly at the same altitude for this calculation.

Table 7.4: Fuel consumption rate per passenger corresponding to the design criteria and common criteria

. Fuel consumption Fuel consumption
Aircraft her tkam] | Ver [mis] per pax [kg/kll)n/pax] per pax for c:mmon cruise speed and altitude [kg/km/pax]
Conventional Aircraft 11.6 240 0.011 0.0116
Double Deck Aircraft 11.0 240 0.011 0.011
Blended Wing Body 13.0 240 0.008 0.008
Airbus A300-600 10.7 235 0.011 0.011

It can be concluded that the Blended Wing Body scores the best since it has the lowest fuel consumption. A reference
aircraft, the Airbus A300-600, has been included to validate the data. Fuel consumption is one of the criteria which
goes into the trade-off, which is the amount of fuel consumption at the concept’s altitude. The global warming criteria
includes flying at the same height and then comparing the different fuel consumption. Both criteria are dominated
by the Blended Wing Body concept.

7.4.4. ORIGINALITY

The current commercial aircraft market consists of aircraft that have very similar characteristics. If a new aircraft is
brought to the market, it would be advantageous to have a distinguishable design. By bringing originality to the design,
the aircraft can have a unique selling point in the market. In order to design a unique aircraft, the originality of the
three concepts is taken into account in the concept trade-off. The originality of the concepts is analysed individually
after which a score is assigned by means of a trade-off weight. The weight is assigned based on the originality of the
aircraft layout and how similar it is to existing aircraft already on the market. The conventional design uses a classic
tube and wing configuration. The design is comparable to aircraft that are currently operating on the market like,
for example, the Boeing 777. The aircraft has a configuration that has been proven to be effective in the past and
therefore has high reliability. However, since it is seen in the current aircraft market in comparable form, it is assigned
a poor originality score. The double deck design also has a classic tube and wing configuration like the conventional
design. However, the design has two decks of passenger seating. Currently, the Airbus A380 is one of the few operating
aircraft that operates with two passenger decks. Unlike the A380, however, the double deck design operates with just
two engines making this design more distinguishable from aircraft on the current market. For this reason, the double
deck design is assigned a ‘sufficient’ originality score. Out of the three concepts, the Blended Wing Body is the most
original design. Currently there is no aircraft like the Blended Wing Body that is regularly seen in the commercial
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aviation market. Therefore, the Blended Wing Body receives a ‘excellent’ originality score.

7.4.5. TURNAROUND TIME

The turnaround time is traded-off based on the boarding and fuelling time. The boarding time simulation result is
shown in Table 7.5 and the fuel volume is estimated for each design concept according to the mission objective of
optimising the performance for a 700 nmi range. By assuming that every aircraft is being filled under the same fuel
flow (litre/minutes), the fuel volume required is compared.

* Blended Wing Body: 23,270 L
* Conventional Aircraft: 28,500 L
* Double Deck Aircraft: 26,800 L

It can be seen that the Blended Wing Body requires less fuel to fly the same distance. So, the fuelling time for the
Blended Wing Body is predicted to be the shortest compared to the other designs. The result of the boarding time from
the fastest to slowest is Blended Wing Body - Conventional Aircraft - Double Deck Aircraft. The result for the fuelling
time from the fastest to slowest is Blended Wing Body - Double Deck Aircraft - Conventional Aircraft. Therefore, it
can be seen that Blended Wing Body has the fastest turnaround time according to the measured parameters. The
Conventional and Double Deck Aircraft has the same score for the turnaround time category as they are both better
at one of each parameters, but still not as good as the Blended Wing Body.

Table 7.5: Design concepts boarding simulation time.

Aircraft Entry point Boarding cycle [] | Boarding time [min]
One door 1471 20.5
KLM777-300 Two door 1285 17.9
. One door 1233 17.2
Blended Wing Body =y 938 131
. . One door 1512 21.1
Conventional Aircraft Two door 1239 173
Single door 2010 28.1
Double Deck Aircraft | Two door (top, bottom) 1268 17.7
Three door (2 top, 1 bottom) 927 12.9

7.4.6. MISSION FLEXIBILITY

The mission flexibility is visualised in the payload-range diagrams, which can be found in Figure 7.4. The maximum
payload and maximum fuel capacity are constrained by the volume of the cargo holds and fuel tanks respectively. It
can be seen that the Conventional aircraft has the greatest flexibility in possible flight missions, as it can fly furthest
with a range of 13,100 km and it can carry 58.3 tons of payload. The Double Deck Aircraft and the Blended Wing
Body have no extra cargo volume and therefore the maximum payload is equal to the design payload, which is 42.8
tons. As the Blended wing body has a large part of the wing occupied by passengers, there is only a small part of the
wing available to store fuel. This makes the maximum operating range only marginally larger than the design mission
range. This means that the Blended wing body has the smallest flexibility in the missions it can perform. Therefore
Blended Wing Body scores a 2 in the trade-off. The Conventional aircraft scores best with a 5. Lastly, the Double Deck
aircraft scores a 4.
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Figure 7.4: Payload-Range Diagram

7.4.7. DESIGN FLEXIBILITY

As the cost of designing and certifying an aircraft can be very high, aircraft manufacturers usually design multiple
variations of an aircraft. This results in relatively small adjustments to change the mission objective to a longer range
or a higher payload. For the three concepts the conventional aircraft and the Double Deck aircraft are the easiest to
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make variations on, therefore scoring a 4 in the trade-off. As the Blended wing body has a more complex integration of
the wing with the fuselage, designing a variation of it with other missions capabilities would likely require a complete
redesign of the aircraft. Therefore it scores a 2 in the trade-off.

7.4.8. PASSENGER COMFORT

Regarding passenger comfort in aircraft, a qualitative analysis can be done of each of the concepts. In order to com-
pare the concepts, only parameters that are different for each concept are taken into account. They include cabin
noise, vibrations in the cabin, light, seat abreast, cabin luggage space, in-flight entertainment system, boarding time
and window view.

The Blended Wing Body has an advantage in terms of vibrations due to shorter fuselage length. It also has better
in-flight entertainment system because it will have more screens instead of windows. Furthermore, the boarding
time of the Blended Wing Body is shorter which improves the passenger comfort. However, it has a disadvantage in
terms of noise because the fuselage-mounted engines could increase the cabin noise. Moreover, this concept also has
disadvantages in terms of natural light due to the limited amount of windows. The Blended Wing Body has a seat
abreast of 3-5-5-5-3 in its widest section. This is a disadvantage in terms of visual, sound comfort and personal space.
Furthermore, the luggage space is small compared to the other two aircraft because the height of the cabin is less.

The advantages of the conventional aircraft compared to the other two concepts are in terms of cabin noise due to its
seats abreast and the wing-mounted engines. However, the passengers of the conventional aircraft could experience
more vibrations than in the other two designs because of the length of the fuselage.

The Double Deck aircraft is best in terms of seat abreast. It has 2-3-2 in the economy class section, which is good in
terms of visual, sound and personal space. Thus, more people will be able to see the light from the windows, which
is part of the passenger comfort during flight. Moreover, this concept is designed with a possibility for more luggage
space next to the window seats, which will be easier to reach by the passengers and will allow for more cabin luggage.
The main disadvantage of the Double Deck aircraft is the longer boarding time.

7.5. SENSITIVITY ANALYSIS

To check the validity of the trade-off, a sensitivity analysis is performed on the weights of the criteria. Per concept it is
analysed how much the weights have to change in order for that concept to have the highest overall score. To do this
the weights for the criteria that the concept scores better at than the other concepts are increased uniformly until it
has the highest overall score. This is shown in Table 7.6. It can be seen that for the Double Deck aircraft the weights
have to be increased by 40%. For the Conventional aircraft these weights and the weight of the external threats need
to be increased by 96%. This means that the trade-off is not sensitive to a change in the weight factors.

Table 7.6: Trade-off Sensitivity Analysis of the Double Deck Aircraft

Criteria Old Weight factor | New Weight factor | Blended Wing Body | Conventional Aircraft | Double Deck Aircraft
Recurring cost 2 2.8 3 4 4
Direct operating cost 5 5 5 2 4
Reliability 2 2.8 3 4 4
TRL 2 2.8 2 4 3
External threats 1 1 3 4 3
Fuel consumption /passenger/km 3 3 5 3 4
Global warming impact 3 3 5 3 4
turnaround time 2 2 5 3 3
Passenger comfort 1 1.4 3 4 4
Design flexibility 2 2.8 2 4 4
Payload-range flexibility 2 2.8 2 5 4
Originality 3 3 5 1 3
Total score 3.7 3.3 3.7

7.6. TRADE-OFF CONCLUSION

From both a cost and sustainability perspective, the Blended Wing Body has an advantage over the Double Deck
aircraft which in turn performs better than the Conventional aircraft. However, in terms of flexibility and risk, the
Conventional aircraft performs better than the Double Deck aircraft which in turn is better than the Blended Wing
Body. The turnaround time of the Blended Wing Body is slightly better than the turnaround time of the two other
concepts. Regarding originality, the Blended Wing Body is much better. Considering all the factors described above,
the trade-off indicates that the Blended Wing Body is the best concept among the three design concepts.
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DESIGN PHASE 111

In this chapter the methodology of Design Phase III is explained and the outcomes are summarised. In Section 8.1 an
overview of the process can be found. In the subsequent sections the different models are further explained. First the
design of the cabin is described in Section 8.2 and wing planform in Section 8.3. It continues with the engine design
in Section 8.4 and landing gear design in Section 8.5. Afterwards, the vertical tail, control surface and high lift devices
are designed in Section 8.6, 8.7 and 8.8 respectively. The structure is designed in Section 8.9 and aircraft weight is
estimated in Section 8.10 with the centre of gravity estimated in Section 8.11.

8.1. PHASE III METHODOLOGY

After the Blended Wing Body concept has been chosen for a final design, its design has to be developed into more
detail and optimised. This process consists of updating the previous design with more advanced calculation methods,
new tools for further analysis and iterations between the different design modules. This is represented with an N-2
chart, shown in Figure 8.1, and a flow diagram of the iteration cycle is shown in Figure 8.2. Each design module,
coloured yellow in the N2-chart, is a main design step in the entire design process. On the rows are the outputs of the
design steps and on the columns are the inputs for them. Each design step uses different tools and methods which
will be elaborated upon in this chapter. The iteration flow diagram starts at the the top level requirements and ends at
the conceptual design.

The sizing and design of the main parameters, as well as the weight estimations and structural model are made in
Google Spreadsheets. For the aerodynamic and control and stability analysis, AVL is used together with some empiri-
cal methods. The geometry of the design is modelled in CATIA V5 and is updated with every design iteration. MATLAB
is used for the estimation of the fuselage weight and control gain tuning. Finally, Python is used to calculate the SAR
and thus optimal cruise altitude and mach number.

8.2. FUSELAGE DESIGN

Aside from its interaction with other functions described in subsequent chapters, the driving factors behind sizing
the fuselage of a Blended Wing Body are the cabin, cockpit and cargo hold. This section addresses these assemblies
and how they are designed to meet the requirements HCSR-STR-004 to 007, HCSR-STR-009 to 011, HCSR-STR-013,
HCSR-STR-015, HCSR-OPR-001 to 003, HCSR-OPR-006 to 013 and HCSR-OPR-015 from Table 4.2.

8.2.1. CABIN PLANFORM

In the fuselage shaping process, the planform of the cabin is sized first. This is done using the method described in
[14], where a rectangular centre section joined to a tapered front- and aft section define the cabin outline. An advan-
tage of this method is that the two tapered sections allow for more efficient packaging of cabin equipment of different
dimensions compared to more traditional Blended Wing Body cabin concepts which only have one tapered section in
the front. The method also allows for the application of a structural concept that is addressed in Subsection 8.2.6.

With a total floor area target of 300m?, resulting in a fair 0.75 m? per passenger [15], the packaging was iterated such
that all emergency exits are positioned in the front tapered section, the planform follows the shape of the distributed
seats as tightly as possible and galleys are accessible with the wider cross-aisles. Other dimensions used are listed in
Table 8.1, most of which are driven by requirements from Table 4.2. Seats are distributed in cross-section view based
on their dimensions, as shown in Figure 8.3, and rearranged in top view until a tight fit into the planform is achieved.
This results in the cabin planform shown in Figure 8.4.

25
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Table 8.1: Cabin interior sizing parameters
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8.2.2. GALLEYS AND LAVATORIES

The required lavatory- and galley spaces are based on initial sizing methods [4],[19]. In Figure 8.4, these are labelled
with numbers 1 & 3 and 2 & 4 respectively. Additional considerations for their positioning were the option to remove
a dividing wall between two adjacent stalls (marked with 1) or extend the dimensions of a single lavatory (marked
with 3) to create a more accessible arrangements for passengers with disabilities. Both options are possible with the
lavatories shown, but not fully reflected in the actual dimensions in this case. The final monument dimensions are
shown in Table 8.2.

Additionally, crew seats are located within the cabin. They are assumed to include their own support structure to
not rely on monument placement nearby and thus have a planform dimensions of 0.88m wide and 0.8m deep for
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Table 8.2: Galley and lavatory dimensions
Parameter Value Notes
Total Galley Area [m?] 14 Based on 0.09 m?/business-pax and 0.027m?/economy-pax
Centre Galley Dimensions XxY [m] | 2x3.1 X-Direction is longitudinal, Y-Direction is lateral
Outer Galley Dimensions XxY [m] | 2x1.95 see Centre Galley Dimensions
Total Lavatories [-] 12 Based on 17 business-pax/lavatory and 45 economy-pax/lavatory
Lavatory Dimensions XxY [m] 1x1 see Centre Galley Dimensions, based on [16]

double-seats and 0.44m wide and 0.8m deep for single seats, as suggested by '. For the event of an evacuation,
requirement HCSR-OPR-006 prescribes a seat per emergency exit, while up to 9 attendants may be required. This is
further addressed in Subsection 8.2.4. Thus the seats marked with 5 in Figure 8.4 are reserved for this purpose. The
seats marked with 6 are optional, should customers wish to include extra cabin crew.

The final cabin packaging result is shown in Figure 8.5 and Figure 8.6, where business class seats are shown in blue,
economy class seats in red. Purple seats are folding, which are elaborated in Subsection 8.2.3. Crew seats are repre-
sented in green. OVerhead bins are included in translucent white above the passenger seats where applicable.

1Cabin Crew Seats. Accessed January 2020.https://aeromockups.com/seats/crew-seats/cabin/
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Figure 8.5: Cabin with passenger seats, galleys and lavatories

8.2.3. FOLDABLE PASSENGER SEATS

As described in Chapter 2, the significance of a fast turnaround time is growing. In modern cabin design, lowering the
turnaround time is one of the guiding themes. The concept of foldable passenger seats is aimed at creating more mov-
ing space for passengers upon embarking and disembarking. The feasibility of this was demonstrated in the ALOHA
Project [20]. In this project, turnaround times and resulting operational cost changes are studied. Simulation results
estimated a reduction of 44.9% and 16.6% in de-boarding and boarding time respectively. Additionally, a reduction
of 33% was found for cleaning time. This simulation was based on a conventional tube cabin in which all aisle seats
automatically fold. For the FB400, the foldable seat concept will only be applied to the economy section of the cabin.
50 Business seats have conventional seating, meaning that this needs to be taking into account in the turn around
time reduction of the FB400.

A three-seat block containing one folding chair adds a weight of 10.1kg to the seat weight. With the configuration
shown in Figure 8.7, a weight increase of 1.157kg is estimated. The drawbacks of the foldable seat are possible higher
maintenance cost due to the folding mechanism. Additionally, the use of hand luggage under the aisle seats is not
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Figure 8.6: Cabin isometric view

convenient as it counteracts the effect of more moving space. Additionally, there is no seat pedestal under the aisle
seats, allowing potential luggage to move freely and therefore interfering with safety measures. This might reduce the
available luggage space in the cabin, which is a drawback especially on short haul flights.

[T BT T BT mE BT BT

Figure 8.7: Locations of foldable seats

8.2.4. EMERGENCY EXITS AND CABIN CREW

The emergency exit arrangement included considerations about the visibility of a second exit in case the first exit
route chosen by a passenger, the feasibility of exit doors that are compliant to existing regulations and the vicinity
to galleys. While a full evacuation simulation was not possible within the scope of this project, the overall larger
number of longitudinal aisles and better accessibility of multiple exits from the same seat compared to tube-and-
wing fuselages in general are great advantages. It is thus not expected that the time taken to evacuate will be lower
than conventional aircraft of the same passenger capacity. Table 8.3 outlines the dimensions used in the final design.
Aisles and passageways are shown in light and dark blue in Figure 8.9 respectively.

Table 8.3: Emergency exit parameters according to FAA § 25.807

nex-itsemerszency 8
weXitSemer ency [m] 1'07

hexjtsemerggncy [m] ]..83
Wpassageway[m] | 0.91
Waisle [1M] 0.51

Regulations require the FB400 to have four pairs of Type-A emergency exits. This number of exits allows for a maxi-
mum of 440 passengers by FAA § 121.391. For 400 passengers, regulations require 8 cabin crew members. However,
for the number of emergency exits, 9 cabin crew members are more suitable to comply with both requirement HCSR-
STR-013 and HCSR-OPR-006. Thus the cabin seating should allow for at least 9 crew members near the emergency
exits. This is shown in Figure 8.4, with an explanation of the numbering provided in Subsection 8.2.1.
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8.2.5. PASSENGER COMFORT

In order to ensure the passenger comfort during flight, initial estimations of the passenger comfort index are per-
formed. They are based on aircraft geometry, specifications and estimations of the environment inside the cabin. The
comfortindex is measured on a scale from 1 to 7, where 1 is the most comfortable and 7 is the least comfortable. Meth-
ods from D. William Conner and Ira D. Jacobson [21] are used to assess the passenger comfort. Note that the accuracy
of the results is not very reliable because some of the parameters cannot be measured at this stage of the design. This
includes cabin temperature, cabin noise and turbulence attitude. The temperature is estimated to be 20°C, the noise
level is based on the noise level of a Boeing 787 “ (65 dB) and the turbulence attitude is estimated based on methods
from Roskam [4]. The results are shown in Table 8.4.

Table 8.4: Passenger comfort index

Comfort index Value Comfortability level
Environmental 6.4 | Uncomfortable
Seating space economy class | 2.5 | Somewhat comfortable
Seating space business class <1 Very comfortable
Noise 1.0 | Very comfortable
Altitude change <1 Very comfortable
Temperature <1 Very comfortable
Motion 3.4 | Somewhat comfortable
Turning maneuver 4.7 | Somewhat uncomfortable
Pitchover maneuver 4.4 | Neutral
Descend or climb maneuver 5.1 Somewhat uncomfortable
Compound maneuver 4.7 | Somewhat uncomfortable
Average economy 3.2 | Somewhat comfortable
Average business 2.9 | Somewhat comfortable

There are multiple doubts that a blended wing body is comfortable due to the accelerations that passengers might
experience during flight. As can be seen from the preliminary calculations, the most uncomfortable events during
flight are the turning, compound and descend/climb manoeuvres which classify as somewhat uncomfortable. More-
over, the environmental comfort index can be decreased by adding entertainment systems. The fact that there are no
windows next to the passengers’ seats is dealt with by using cameras outside and a cabin screen wall inside, showing
the outside view, as presented in Figure 8.6. This means that the FB 400 is no worse in terms of comfort than other
commercial transport aircraft nowadays.

8.2.6. OPEN PLANFORM

Since the pressure vessel packaged around the cabin does not require any structural members to intrude the cabin
volume, the cabin presented offers the opportunity for different configurations if desired by customers. This is be-
cause of the triple-arc pressure hull, which is further outlined in Subsection 8.9.4. This is highlighted by Figure 8.8,
where only the dark blue cross aisles defined by the emergency exits pose the same limits to the arrangements as with
conventional aircraft. The seating areas shown in medium blue and light blue longitudinal aisles can be redistributed.
Additionally, the seat rails required for the presented layout offer freedom for wider or narrower seat arrangements.

8.2.7. CockriT

In order to create the cockpit, the internal layout is determined in plan views first. For this purpose, a pilot puppet
with dimensions suggested by [4] is placed in a simple chair in front of an instrument panel according to [22]. This,
together with the necessity to place a weather radar in the nose, drives the dimensions for the spline that deviates from
the shape of the central fuselage airfoil. It also highlights the necessity to shift the cockpit floor upwards to achieve a
grazing angle with respect to the lower forward visibility limit of above 30°, as [16] suggests. The resulting side view is
shown in Figure 8.9.

Next, the top view of the internal layout is created around the pilot seat drawn in side view earlier. The Airbus A320
cockpit is used as a reference due to the similar range requirements. Additionally, because of its popularity among
flight simulator enthusiasts, detailed dimensions of the interior are available. With this, the pedal box location, dis-
tance to instrument panels, lateral spacing between the pilots, longitudinal position and the overall cockpit floor
dimensions are refined and also updated in the side view. The resulting top view is shown in Figure 8.10.

2How noisy is your airplane cabin? Accessed in January 2020, https://www.uscreditcardguide.com/
how-noisy-is-you-airplane-cabin/


https://www.uscreditcardguide.com/how-noisy-is-you-airplane-cabin/
https://www.uscreditcardguide.com/how-noisy-is-you-airplane-cabin/
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Figure 8.8: Empty cabin planform
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Figure 8.10: Cockpit in top view, dimensions are in metres

With the pilot positioned, the visibility requirements can be addressed. The upper and lower limits of the field of view
of the port side pilot seat are determined from 30degree to the right to 130° to the left, as shown in Figure 8.11. Most
limits are driven by the ideal field of view suggested in [4]. Notable exceptions are the lower limits towards the front
and side as well as the leftmost limit.

The lower limits are instead driven by the sideways overside visibility requirement (HCSR-STR-011) of 35° and a higher
approach angle than conventional aircraft of approximately 10°. Together with a more conventional approach speed
of 268km/h, Equation 8.1 provided by [19] defines the new lower visibility limit and also satisfies HCSR-STR-010. The
leftmost visibility limit is lowered compared to the suggested ideals, since regulations only require a limit of 130° [22]
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Figure 8.11: Recommended and actual field of view from port side pilot seat

and a higher value intersects the visibility limits with the internal cabin structure.

Oovernose = Qapproach 0.04- Vapproach 8.1

Subsequently, the visibility limit lines are intersected with the fuselage surface to define the contour of the cockpit
windows. Minor adjustments are made to achieve a smoother window outline, leading to some more minor deviations
outside of the ideal field. Splines are then used to create the outline of two windows, leaving only one strut on the
centre-line and one at approximately 45° azimuth to the left (Figure 8.11). While traditionally three or more windows
per side are used, the increased field of view due to missing struts of modern cockpit designs (e.g. Boeing 787) is
preferred by pilots °.

8.2.8. CARGO

In order to satisfy HCSR-STR-009, the available overhead storage space was analysed first. Overhead bins are posi-
tioned in the cross-section view as shown in Figure 8.12. Lateral bins over seat sections with access to only one aisle
are smaller than their central counterparts, as suggested by [16]. Another constraint are the dimensions of an ordinary
boarding trolley to fit in a way similar to modern overhead bin concepts *. Next, with a knockdown factor of 0.83 to
account for the bin structure, the available surface area of the bins is multiplied with the length that each bin can ex-
tend over, not accounting for sectioning between individual bins. Of note is, that the business class analysis is based
on clustering all seats into one rectangular block due to the way the seats abreast are split up. The results of this are
presented in the first column of Table 8.5.

While a traditional overhead storage concept with longitudinal bins is used, its influence on boarding operations was
not considered. Factors such as the poor accessibility of the bins for passengers in the centre economy rows and the
resulting delay could still be improved. For example, lateral bins could be implemented, especially because of the
rectangular cabin space not found in conventional aircraft. However, other factors such as the required space for air-
conditioning vents, oxygen masks and other passenger amenities should be considered before implementing such a
concept.

From this it is apparent, that nearly all of the cargo volume required could fit into the cabin, with only a small number
of containers required in the cargo hold. However, as outlined in the second column of Table 8.5, another constraint
was imposed based on the number of bags that can fit into a single LD3-45 unit °. LD3-45 units are chosen since
their reduced height is beneficial for the packaging within the triple-arc pressure vessel and they are widely used in
other popular aircraft types. The result shows that a much higher number of containers is required to be fitted to
provide adequate flexibility to operating customers regarding their baggage policies. The final number of containers
is rounded down from the number required to fit a bag per passenger since the requirement for total storage volume
is already met. The locations of the containers are then driven by the locations of spars and the available space be-

3Wired Test-Drives Boeing’s New 787 Dreamliner. Accessed January 2020.https://www.wired.com/2012/07/
boeing-787-dreamliner-flight/

40Onboard Innovation: Viva La Evolucion!. Accessed January 2020. https://www.futuretravelexperience.com/2014/03/
onboard-innovation-viva-la-evolucion/

5ircraft Loading 101. Accessed January 2020. http: //f1y-sea.com/forun/viewtopic.php?f=144t=804


https://www.wired.com/2012/07/boeing-787-dreamliner-flight/
https://www.wired.com/2012/07/boeing-787-dreamliner-flight/
https://www.futuretravelexperience.com/2014/03/onboard-innovation-viva-la-evolucion/
https://www.futuretravelexperience.com/2014/03/onboard-innovation-viva-la-evolucion/
http://fly-sea.com/forum/viewtopic.php?f=14&t=804
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Figure 8.12: Cabin cross section view at maximum width, all dimensions are in metres

Table 8.5: Cargo volume calculations

Cabin Section Parameter | Unit | Value Parameter Unit | Value
General A0S, [m?] 0.3 Total cargo volume required m3] | 56.63
Aos,, m?] | 0.35 Volume per LD3-45 m? | 4.3
Centre Economy Isection [m] 10.6 || Total LD3-45 required for volume [-] 3.2
108, [-] 2 Bags per LD3-45 [-] 35
nos,, [-] 6 Total LD3-45 required for bags [-] 11.5
Rear Economy Isection [m] 3.3 Total LD3-45 used [-] 11
10S (-] 0
nos,, [-] 6
Business Isection [m] 5.66
n0s,,, [-] 2
nos,, [-] 2
Total available overhead volume m3] 4291

tween the cabin floor and the centre fuselage airfoil. Additionally the longitudinal position is chosen as close to the
operating-empty-weight centre of gravity to minimise the excursion of the latter. This resulted in the need for two

compartments due to the spar locations. The final configuration is outlined in

Figure 8.13.
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Figure 8.13: Longitudinal cargo position in approximated airframe, all dimensions are in metres

In order to load and unload the containers, a cargo door per compartment is required. The local curvature of the
fuselage and the local distance to ground do not allow for the conventional approach of an upward opening door with
ground equipment driving up directly to the cargo floor. Therefore the cargo door doubles as a loading ramp similar
to large military transport aircraft to roll the containers along its flat surface further outboard, such that ground equip-
ment does not interfere with the airframe. This is shown in Figure 8.14. Further details regarding ground operations

are discussed in Chapter 11.
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Figure 8.14: Cargo Door Integration for operations with Unit Load Devices, all dimensions are in metres

8.2.9. SHAPING OF REMAINING FUSELAGE

The remaining fuselage shaping continues with defining a central fuselage airfoil to fit the cabin and cargo holds into
in side view. A symmetric NACA 16-015 was chosen due to its far aft maximum thickness location. Additional consid-
erations are that subsequently the maximum radii of the pressure vessel arcs enclosing the cabin (further discussed in
Section 8.9) should not exceed = 15m. This drives the location of the cabin and cargo holds within the airfoil to a large
extent. The airfoil is also rotated nose down by 0.2° to reduce the overall length, but larger values may be possible.
Afterwards, the wing planform is created based on the leading- and trailing edge points of the centre fuselage airfoil
and the area occupied by it. For this purpose, another NACA 16-015 airfoil is positioned on the outer boundary of the
pressure vessel to ensure a smooth surface of the centre fuselage section. This then transitions into the wing section
with its supercritical NASA SC(2)-0414 airfoils at the "wing" root and tip. This process is illustrated in Figure 8.15, with
further explanation of the planform in Section 8.3. Considerations for the chord of the second symmetric airfoil and
the outer dimensions of the wing planform revolve around the total reference area, total wetted area, centre of gravity
position and stability and control characteristics.

Figure 8.15: Shape-defining features of the fuselage

8.3. WING PLANFORM DESIGN
The wing of the aircraft is designed according to requirements HCSR-STR-002, HCSR-STR-008 and HCSR-STR-014
from Table 4.2. The wing also has to provide lift during the flight, aiming at optimal performance parameters.

8.3.1. WING PLANFORM METHOD

The method for wing design uses aerodynamic, stability and sustainability analysis in order to improve the design,
according to the objectives of the project. First, the geometry is simulated in AVL and the drag polar, lift and drag
coefficients and span efficiency factor are used as an input to the wing planform design. Secondly, the sustainability
analysis is used to recommend a cruise altitude and mach number for which the SAR is minimum and lastly, the
stability analysis in AVL exports the required longitudinal position of the wing. These parameters are iterated multiple
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times until convergence is achieved.

In order to estimate the wing area, a matching diagram is created to define the design space for the aircraft, as shown
in Figure 8.16. The same top level requirements hold as in design phase II (HCSR-PER-008, HCSR-PER-009, HCSR-
PER-010), therefore only minor changes can be seen in the diagram. This is mostly due to alower Cy, . . Moreover, the
climb rate requirement is lowered to 1,500 ft/min, as this is enough to guarantee if the turn-around time requirement
is met. According to Figure 8.16, the design space is restricted by take off and stall conditions. In order to reach an
optimal design, the aircraft should have wing loading as high as possible and thrust loading as low as possible. The
point of the design space at which this is achieved, is the design point of the aircraft. In this case, the wing loading is
2,237.5 and the thrust loading is 0.28.

With the wing loading and the take off weight, the minimal lifting area can be calculated. Afterwards, the span of the
aircraft is kept at the maximum span allowable for a type V airport gate, i.e. 65 meters, and a margin of 0.25 m is left for
additional attachments such as lights and electrostatic devices, such that the total span becomes 64.75 m. Winglets
are added in order to reduce wing tip vortices, increase the lateral stability and increase the effective span to 65.6 m.

The fuselage planform is used to update and minimise the ratio of wetted area to reference area Syet/Sier and the
friction drag. The vertical tails, engines and winglets are also added to the wetted area. The planform is divided
into three sections - fuselage (section 1), blending section (section 2) and wing section (section 3), as can be seen in
Figure 8.25. The area of the fuselage section comes from cabin sizing and the area of the blended and wing sections are
varied in order to reach the desired mach number and lift. Sweep angles are then selected for each section according
to the drag divergence mach number and stability requirements. Afterwards, the wing taper ratio is defined based
on statistical relations with the sweep angle from Torenbeek [22] and the root, tip and mean aerodynamic chords are
calculated. This leads to calculation of the thickness to chord ratio of the airfoil and airfoil selection, which is based
on airfoil characteristics and performance such as moment coefficient, design lift coefficient, lift curve slope, zero lift
angle of attack and stall angle of attack. Finally, the dihedral angle is estimated according to ground clearance and
lateral stability constraints.

8.3.2. WING PLANFORM RESULTS

The matching diagram is shown in Figure 8.16, Table 8.6 provides the main parameters obtained from the wing design,
whereas Figure 8.17 shows a top view of the wing planform with relevant dimensions.
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Figure 8.16: Matching Diagram

The method is verified as described in Section 6.3 and validated by plotting reference points on the matching diagram.
Reference points show similar results for wing and thrust loading.



36

Table 8.6: Main wing parameters

Parameter Value Unit
S 797 [m?]
S 486 [(m?]
Sy 106 [m?]
Ss 205 [m?]
Swinglets 7.9 [ mZ]
b 64.8 [m]
A 5.4 [-]
) 0.296 (-]
cr 7.7 [-]
ct 2.3 [-]
A 66 [deg]
Aoy 52 [deg]
Az, 32 [deg]
MAC 23.8 [m]
T 3.5 [deg]
Wing twist angle 3 [deg]
t/c 0.15 [-]
t/cs 0.12 [-]
Airfoil type Section 1 Root | NACA 16-015 -]
Airfoil type Section 2 Root | NACA 16-015 ]

]

Airfoil type Section 3 Root | NASA SC(2)-0414 | [-
41.34
35.48
23 )
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Figure 8.17: Wing parameters, dimensions are given in metres unless otherwise stated

8.4. ENGINE DESIGN

The aircraft has two engines which are designed according to requirements HCSR-PER-007, HCSR-PER-006 and NCSR-
NF-SUS-003. The engine has to provide enough thrust during each flight phase but it also has to be sustainable and

with low noise emissions.
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8.4.1. ENGINE DESIGN METHOD

The initial sizing of the engines used in Design Phase Il is applied in the same manner, i.e. rubber engine sizing with
GE-9X as areference engine. Based on the parameters the sizing factor between the engine needed for the aircraft and
the GE-9Xis 0.5 which means that the GE-9X is too large and would lead to over-design, which is why a smaller engine
is chosen, namely the GEnx-1B70. Furthermore, the value for the specific fuel consumption, weight and thrust are
updated with the specification of the GEnx-1B70 °, which also affects the mission fuel mass fractions and eventually
fuel weight, as discussed later in Chapter 9.

The engine nacelle is designed using method described in Aircraft Design and System Engineering Elements [13]. This
method calculates the length of main nacelle components such as exposed gas generator length and nacelle length
and also diameters of the nacelle, inlet, gas generator cowling and exit fan. Moreover, chevrons are added on the fan
gondel and gas generator gondel for drag and noise reduction.

The pylon attaching the engine to the fuselage is also designed based on bending and shear conditions and transfer
of the loads from the engine to the fuselage. This is done by adding thicker diagonal spars on the leading and trailing
edge of the pylon, such that they provide a load path for the shear flow. They are also supported by ribs between them,
which will also account for buckling and bending moment resistance.

Additionally, the engines are placed laterally and vertically such that the total shrapnel probability is smaller than 5 %,
in case of a compressor or turbine blade failure. The total probability is calculated using Equation 8.2 [23].

D,
atan(;;

) l l
Ptotal = Y (min(%, i . atan(%)) + min(%, % . atan(ﬂ)) (8.2)

d

where v is the maximum angle of azimuth interference, lna¢, is the length from the start of the nacelle to the most aft
turbine disc position and I, is the total nacelle length minus Inac,. All other engine dimensions can be taken from
Table 8.7. This results in a relation between engine diameter and interference of failed engine fragments with crucial
aircraft elements such as the other engine, fuel tanks and vertical tails. The resulting probabilities are listed below:

* Probability of fracturing the other engine: 0.0494
* Probability of fracturing the vertical tail: 0.0375
* Probability of fracturing the fuel tank: 0.0000

The probabilities are lower than 5 % which results in engine centre lines being 8 m apart and changes in the longitudi-
nal separation between engines and vertical tails. A protective layer of Kevlar inside the engine cowl is added in order
to catch the failed blades and prevent them from damaging critical structural components.

The vertical placement of the engines also depends on the interference of the flow going over the fuselage. The engines
are initially placed 0.78 m above the fuselage but it has been found that they create too large pitch down moment,
which affects the stability of the aircraft. This is why the decision has been made to lower the engines to 0.18 m above
the fuselage and change the shape of the nacelle to a D-shaped instead of circle shaped, with the flat part towards the
fuselage (see Figure 8.18).

8.4.2. ENGINE DESIGN RESULTS
The results from engine design as well as the side view of the engine are shown in Table 8.7 and Figure 8.18 respectively.

After the engines are selected, their weight is added to the component weight, described in Section 8.10. It should be
noted that the engine weight and thus the aircraft weight could be decreased by choice of smaller engines. However,
the GEnx-1B70 is chosen because it is 20 % more efficient compared to other engines of this type and because it is one
of the few bleedless engines on the market, which would make the aircraft more electric, thus more efficient in terms
of power.

8.5. LANDING GEAR DESIGN

The landing gear design is crucial for the feasibility of the aircraft design. It has to perform different functions during
different phases of the flight envelope. Some of these functions are to withstand the weight of the aircraft and steer

8GENX™ high bypass turbofan engines. Accessed January 2020. https://www.geaviation.com/sites/default/files/
datasheet-genx.pdf
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Table 8.7: Main engine and nacelle parameters

Parameter | Value | Unit
Tto 310.5 [kN]
Dengine 2.82 (m]
lengine 469 | [m]
Wengine 18000 | [kg]
BPR 9 (-]
Ie 4.47 | [m]
Dp 312 | (m]
L 595 | [m]
Dg 1.85 [m]
lg 1.49 [m]
I 0.46 | [m]
Det 253 | [m]
Deg 1.02 | [m]
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Figure 8.18: Engine and nacelle parameters, dimensions are given in metres

during ground operations, to allow for wing tip clearance, avoid tail strike and be able to provide enough space for
rotation during landing and take off. It should also be stowed in the airframe during flight. This is why the landing
gear is designed according to requirements HCSR-STR-012, HCSR-PER-001, HCSR-PER-002 and HCSR-PER-004.

8.5.1. LANDING GEAR DESIGN METHOD
Multiple constraints are used to design the landing gear of the aircraft, especially considering the low aspect ratio and
larger angle of attack which it has to reach during take off as well as the approach angle during landing.

Firstly, the number of tires per strut is determined based on the aircraft weight. Afterwards, the tire pressure and the
maximum static load for each gear is determined which provides tire dimensions obtained by methods from Toren-
beek [22]. The next step is to determine how many percent of the weight does each gear have to carry. This is restricted
by the ground steering requirements, i.e. the nose gear can only carry from 8 to 15 % of the MTOW of the aircraft in
order to be able to steer. Since the aircraft is short, the nose gear has to carry more load compared to conventional
aircraft. This load distribution also affects the longitudinal position of both landing gears. The percentage of the nose
gear loading is also computed after landing with the usage of thrust reversers to ensure that the nose gear will still be
able to withstand the loads and steer shortly after landing. This is done by summing the moments around the cen-
tre of gravity of the aircraft, as shown in Figure 8.19 and described in Equation 8.3. Thrust reversers are assumed to
reverse 25 % of the thrust.

CCW +
Y Mg =0:Fp-lnw—Faw Inw—0.25- T1, - Ze + Fi Zmig = 0 (8.3)
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Figure 8.19: Free Body Diagram Landing

The symbols are described in the nomenclature. Note that the friction force F; is calculated via Equation 8.4, where u
is the ground friction coefficient.

Fr=p-(W-1L) (8.4)
Rewriting Equation 8.3 leads to Equation 8.5 which is the nose gear load after landing.

(W=L)lpyw—0.25- T -ze + Fr- 2mig

n=

(8.5)

lmw + lIlW

With the current design this load is 12 % of the landing weight. Note that two scenarios are considered - with the
largest landing weight (after a nominal mission (Figure 9.2 and Figure 9.3)) and with the smallest landing weight (after
the whole mission profile (Figure 9.1)). It turns out that the lowest weight is more critical for the nose gear, since it
results in smaller loads and it is thus a driving factor for the design.

In order to ensure that the tail does not strike the ground during take off, the tip back angle has to be larger than
the scrape angle, as shown in Figure 8.20. This fulfils the longitudinal tip over requirement. For the lateral tip over
requirement, the overturn angle should be no more than 55° (see Figure 8.21) and Equation 8.6 should be fulfilled.
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Figure 8.20: Landing gear longitudinal tip over criterion Figure 8.21: Landing gear lateral tip over criterion [24]
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Here v is the overturn angle, z is the vertical distance from the centre of gravity to the landing gear and /i,y and I,
are the distances from the main and nose landing gear to the centre of gravity. Due to the specific geometry of the
design, these two conditions are not limiting the design of the landing gear. What could be a design constrain is the
large angle of attack (14.6°) combined with a bank angle of 8° and the swept wing which could cause the wing tip to
touch the ground during take off and landing. This is taken into account by increasing the height of the struts and the
dihedral angle of the wing, as well as making the gear track wider, i.e. increasing ym. Since there is a limited space to
store the landing gear during flight, a double hinge linkage mechanism is designed such that it pulls the bogey up with
reduced rearward travel compared to a single hinge mechanism, see Figure 8.23. This mechanism is very similar to
the one of the B58-Hustler and it is more convenient to stow them in a forwards motion as the flow will help to lower
the gear in case the mechanism fails. The lengths of the individual links are sized using Equation 8.7, where the spar
spacing and the strut length are known from the wing and landing gear design calculations respectively. This is done
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to provide a short load path to the primary structure. However it also requires the vertical limitation of tank volume
available in this section to make room for the struts, as shown in Figure 8.24. Furthermore, the main landing gear will
be provided with an electronically driven parking brake to comply with HCSR-PER-004. The nose landing gear retracts
to the back with a single hinge mechanism used in most conventional transport aircraft. While a forward retraction
would be beneficial for assisting a manual lowering, it would require further reshaping iterations which could not be
implemented in time.

-1 1 0] [lupper 0 0 1] [dspars
1 1 O)-|hower|=]0 1 Of-f Lput 8.7)
-1 0 1 lattach -1 10 lspare

8.5.2. LANDING GEAR DESIGN RESULTS

Table 8.8 represents all the relevant landing gear parameters including tyre sizes, important angles and longitudinal,
lateral and vertical distance from the centre of gravity. It can be seen that compared to the previous design stage, the
nose landing gear is carrying more load than before, namely 15 % compared to 10 %, which is why its longitudinal
position has moved further from the nose. Moreover, the struts are now 30 cm higher and the gear track is increased
due to take off constraints.

Table 8.8: Landing gear parameters

Parameter Value | Unit
Dmw 1.27 | [m]
Winw 0.51 | [m]
A 0.56 | [m]
Dnw 1.18 | [m]
Whw 0.41 | [m]
Ao 0.51 | [m]
Imw 2.62 | [m]
Low 14.85 | [m]
Vmlg 8.79 [m]
Zmlg 4.80 [m]
Tip back angle 20.0 [deg]
Scrape angle 15.7 [deg]
Overturn angle 35.7 [deg]
Wing tip ground clearance during take off | 0.14 [m]

Table 8.9 and Figure 8.22 show the dimensions of the main gear mechanism after applying Equation 8.7. Figure 8.23
outlines the retraction sequence of the double hinged mechanism in the context of the aircraft. Figure 8.24 presents
the longitudinal position of both landing gears in deployed position.

Table 8.9: Main landing gear mechanism dimensions

Parameter | Value | Unit
dspars 5.08 | [m]
Lstrut 5.54 (m]
Ispare 1.59 | [m]
hower 2.47 [m]
Lupper 0.88 | [m]
lattach 1.34 (m]

8.6. VERTICAL TAIL DESIGN

After the wing planform design and the centre of gravity is known, the vertical and horizontal tail surfaces can be
designed. The vertical tail should provide lateral control of the aircraft in flight and allow the aircraft to maintain stable
in case of one engine inoperative condition. The horizontal tail should provide longitudinal stability and control.

A twin vertical tail configuration is applied. Since the aircraft is a Blended Wing Body, it does not have a fuselage and a
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(a) Fully deployed position (b) Intermediate position (c) Fully stowed position

Figure 8.23: Double-hinge landing gear mechanism retraction sequence
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Figure 8.24: Nose- and Main gear positions with respect to the nose in deployed position, all dimensions are in metres

different positioning of the engines, the tail volumes found from reference aircraft can not be applied. Instead, the tail
areas are calculated by summing moments about the centre of gravity in case of a one engine inoperative condition.
The aircraft does not have horizontal tail surfaces as the longitudinal control is obtained by means of control surfaces
on the trailing edge of the wings.

The dimensions of the tail surfaces are presented in Table 8.10. Tail parameters like sweep angles and aspect ratio
have been chosen such that tail surfaces stall at higher angles of attack than the aircraft wings and near sonic flow
phenomenon occur at the wings before they occur on the tail surfaces.

Table 8.10: Dimension of vertical tail surface

Parameter Value | Unit
Tail area 223 | m?
Span/height 6.3 m
Quarter chord sweep | 35.8 deg
Aspect ratio 1.8 -
Taper ratio 0.4 -
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8.7. CONTROL SURFACES DESIGN

In this section, the method to design the ailerons and elevators is described. On the wing, the functions of these
control surfaces are combined, resulting in elevons.

8.7.1. AILERON DESIGN

Requirement HCSR-SCR-002 states that the time to achieve a 30 degrees bank angle shall be less than 1.5 seconds.
The ailerons are designed based on this requirement. The design is based on Oliviero’s method [25]. The first step was
to determine a certain aileron geometry, which was an estimation of the final result. The use is made of an inboard
and outboard aileron. During low speeds both are used to get the bank angle and at high speeds it is assumed that
only the inboard aileron is enough to bank the aircraft. The second step was to calculate the aileron control derivative
using Equation 8.8 and the roll damping coefficient using Equation 8.9. The aileron control derivative depends on the
airfoil lift curve slope ¢, the aileron effectiveness 7, the wing area S.f, the span b, the location of the aileron b; and
b,, the chord at a particular lateral distance c(y) and the lateral distance y. The aileron effectiveness 7 is a function of
the chord ratio. Most of the inputs are the same for the roll damping coefficient, except for the zero lift drag coefficient
Cq, and the half span b/2.

ZCL,T b2
Clsa =500 fb | Wydy (8.8)
re:
4(cy, +cq))T P12
c, =—szd° fo c(y)y2dy 8.9)
Ie:

After, in the third step, the aircraft roll rate is calculated using Equation 8.10. §a represents the average deflection
angle of the aileron and V the speed at which the time of 1.5 seconds must hold. This is the approach speed when
using both ailerons and when using only the inboard the cruise speed is used.
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The fourth step is to calculate the time needed to bank the aircraft using Equation 8.11. A¢ represents the required
bank angle.

At:% (8.11)
p

The final step is to change the airfoil geometry in such a way that the time requirement is reached. The results are
shown in Table 8.11.

Table 8.11: Aileron design

Inboard | Outboard | Total
Aileron start [%] | 10 67.2 -
Aileronend [%] | 33.4 90 -
Chord ratio 0.25 0.25 -
G, 0.0165 0.0324 0.0488
Cl,, -0.126 -0.126 -0.126
Pyow [rad/s] 0.118 0.232 0.350
tslow [S] 4.831 2.259 1.496
P [rad/s] 0.351 - -
ttast [S] 1.491 - -

The aileron start and end percentages are from the outer wing section, which is section 3 in Figure 8.25. The subscripts
slow and fast refer to the speed it is flying at. So at slow speed both ailerons are required to bank within 1.5 seconds
and at high speeds only the inboard aileron is enough.

8.7.2. ELEVATOR DESIGN
The elevator design can be a crucial aspect in the design of a tailless aircraft. Since the aircraft does not have horizon-
tal stabilisers, trimming can only be done by using wing (or fuselage) mounted control surfaces. Since the ailerons
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are also located on the wings, the two control surfaces are combined as elevon surfaces. A design challenge arises
in designing the elevons since the moment arm of the elevons to the centre of gravity is very small, requiring large
deflections. The most constraining requirement on the elevon design, is the take-off rotation. During rotation, the
elevons must produce a pitch up moment around the main landing gear that is greater than the moment generated
by the aircraft weight and engine thrust about the main landing gear. Since the aspect ratio of the Blended Wing Body
is relatively small compared to conventional aircraft, the angle of attack and thus the rotation has to be relatively high.
This imposes high demands on the elevon design.

To make sure that the pitching moment for rotation is large enough, several different sizes of the elevon have been
tested in the Athena Vortex Lattice software (AVL). In the end, the elevon surfaces have been located on the entire
width of the outboard wing section starting behind the rear spar. Furthermore, at the rear of the centre fuselage, an
elevator surface is applied. For take-off conditions at maximum take-off weight and 145 kts at ISA+15C conditions,
this results in an elevator deflection of —16° (negative indicating upwards deflection) and an angle of attack of 14.6° in
order to rotate the aircraft and lift off. Elevator trim deflections in cruise flight have been analysed as well, the results
are presented in Chapter 10. The large deflections particularly at high angles of attack may cause the elevon hinge
moments to become significant. However, the aircraft uses a fly by light system allowing the hydraulics to provide the
required moments instead of the pilots. In order to allow the pilots to feel the amount of hinge moment in the control
surfaces, a 10 pound spring force can be applied on the control sticks.

8.7.3. RUDDER DESIGN
Now that the design of the control surfaces for roll and pitch have been discussed, the design of the rudder for yaw
control is explained in this subsection. As there are two vertical tails, there will also be two rudders.

The rudder design is based on maintaining course without slipping with one engine inoperative. With one engine
inoperative, the thrust is asymmetric and therefore causes a moment which the rudders should counteract. The de-
flection necessary is analysed for the most critical flight conditions, which is at sea level when flying at stall speed at
take-off thrust. The required deflection can be calculated by using the following formula:

Togr* yr

= 2
=0.5-p- VS b-Cng,

OR (8.12)

Here, Togrp is the take off thrust of one engine, which is equal to 310.5 kN and yr is the 4 meters lateral distance
between the engines and the aircraft centre line, as mentioned in Section 8.4. The density taken in this equation is the
density at sea level, which is equal to 1.225kg/m? and the stall speed is equal to 60.6m/s. The surface area and span
are stated in Section 8.3 and the rudder control derivative is obtained using AVL. It has been chosen to not allow the
rudder to deflect more than 30°. This results in a required rudder control derivative of at least 0.000356/°. This can be
accomplished by two rudders that have their hinge lines at 45% of the chord of the vertical tails, which gives a C,s, of
0.000357/° and an accompanying rudder deflection of 29.9 degrees. The dimensions of the vertical tails can be found
in Section 8.6.

8.8. HIGH LIFT DEVICES DESIGN

In this section, the design of the high lift devices is described. The purpose of high lift devices is to increase the
aerodynamic performance of the aircraft. As the trailing edge of the wing is already filled with elevons and elevators,
as mentioned in Section 8.7, the only HLD that can be added are leading edge HLD.

First, it was determined whether HLD were necessary. From an analysis using the program Athena Vortex Lattice, it
was found that the maximum lift coefficient in the clean configuration is equal to 0.90. However, according to the
design point from the matching diagrams, the Cy,,, for take-off, landing and stall speed is required to be higher. The
most critical situation is the stall speed, which is equal to 60.6 m/s or 118 knts, for which a Cy,,, of 1.025 is necessary.
Thus, there is indeed a need for some form of HLD. The most effective leading edge HLD are slats as they both extend
the lift-curve and increase its slope [26]. The consequences of adding slats can be analysed by first calculating the
extension of the lift-curve and then the change in slope.

Starting with the extension of the lift-curve, the following formula can be used [26]:

S
ACLmax =0.9- Aclmax ’ ?Wf : COS(Ahinge—line) (8.13)

For slats, the value of ACy, is equal to 0.4 times c’/c. The ratio c’/c is the extended chord length as a result of the slats
over the original chord length. It is chosen that the slats will increase the chord by 20% and thus the ratio c’/c will be
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equal to 1.2. Furthermore, the slats are placed on the entire wing section so the reference wing flapped surface area
is equal to the total area of the wing section. The total reference area is a summation of the first, second and third
section. Furthermore, the hinge-line is located at 15% of the chord so they do not interfere with the wing box spars.
The sweep angle at the hinge-line is determined by the wing planform geometry and is equal to 22.3 degrees. Filling
in the formula results in an extension of the Cp,, of 0.098 and thus a total new Cr,, of 0.998. Now, the increase in
lift-curve slope is calculated. The lift-curve slope in clean configuration is equal to 3.937 1/rad and the angle of attack
for which Cp, is equal to 0 is -0.13 rad. The latter will remain the same even when extending the slats. The change in
slope can be calculated by using the following formula [26]:

U

CL,),slats = E *Clyclean (8.14)

CL= CLo—a+CLa - (8.15)

Here, the ratio S’ over S means the ratio between the surface area of the wings with the slats extended over the original
surface area, which is equal to 1.05. This gives a new lift curve slope of 4.14 1/rad. Furthermore, Equation 8.15 shows
the actual formula of the linear part of the lift-curve. By setting up this equation and assuming that the angle of attack
at which the maximum lift coefficient is located is the same for the extended lift-curve, the new and final value for
Cl.x can be obtained. This is equal to 1.05 and meets the required Cy,,,, for stall speed.

8.9. STRUCTURAL DESIGN

The structural design of the Blended Wing Body mainly focuses on the wing box structure and the interfaces of wing
with the fuselage. So this section analyses the loads on wing and fuselage which also acts like a wing for a Blended
Wing Body aircraft.

8.9.1. WING STRUCTURE DESIGN METHOD

The wing structure of the FB400 is designed to be able to withstand the loads experienced during its operation. The
wing has to carry the external loads like lift, structural weight and fuel weight since the engines and landing gear are
situated on the fuselage of the aircraft. In order to design the wing for these loads, the internal loads created are
analysed. Hence the main purpose of this design is to re-iterate the structural weight, for the external and hence
internal loads experienced.

LoAD DISTRIBUTION

To determine the internal loads experienced by the wing, the external loads, lift and weight needs to be calculated.
Regarding the FB400, the whole aircraft is considered as a continuation of the wing. So the aircraft is cut in half
longitudinally and the half part is further divided into 30 sections along the span. For each section the lift and weight
distribution is computed and the internal loads for each section is calculated. The main 3 segmentation is shown in
Figure 8.25.

Due to the FB400 design, the fuselage also act as a wing to generate lift. Therefore, the total lift generated by the aircraft
is distributed along the entire surface area of the aircraft. Therefore, the relation of lift distribution is simplified by
looking at the proportionality of the total lift to the surface area. It is assumed for the other parameter to be constant
along the span. Thus, a discretisation of the lift distribution can be obtained for the 30 sections along the span.

Initially, the wing weight is estimated based on statistical relation of the wing weight to the maximum take off weight.
Referring to the thesis of Malcolm Brown [27], it is found that the wing weight of a Blended Wing Body ranges from
7 to 13% of the maximum take off weight. Therefore, an initial estimation of the wing weight is taken as the middle
value, which is 10% of the maximum take off weight, and to be distributed along the span of the wing.

The total fuel volume required is estimated to be 57.3 m® and using the fuel density of 800 kg/m?, the total weight is
calculated to be 45,812.4 kg. The fuel volume is distributed equally in the half wing (part 2 and 3 in Figure 8.25). So
the fuel volume starts at (0.25) 7.9 m and ends at (0.418)13.2 m along span from the root of part 1 in Figure 8.25.

Assuming a constant density of wing, the section weight is estimated from the wing weight as follows:

Wing weight

- Section volume (8.16)
Wing volume

Section weight =

where, section volume is the area of airfoil times the span wise section length. The airfoil area is estimated as:
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Figure 8.25: Three main sections

k+3 (1) ,
Agirfoil = vk 8.17)

(26]

where k is the location of airfoil maximum thickness and c is the average of root chord and tip chord in the section.
Assuming a trapezoidal wing, the chord length for each section as a function of span is :
Cr— Ct

C:CI_WJ/ (818)

where, y is the chord distance along the span of the wing starting at the root.

The internal forces and moments follow the axis system as shown in Figure 8.26. But to be consistent with the con-
vention of positive upwards, the shear load is considered positive upwards. Bending is positive such that the upper
wing panel is in compression and the lower wing panel is in tension. Similarly, torque would be positive in counter-
clockwise direction according to the right hand convention, but to be consistent with the convention of pitching up
as positive for wing, clockwise direction is taken as positive torque. Also the wing loads and moments are analysed
based on assumption as shown Figure 8.26, where the beam is fixed to the wall and free at the tip.

...................... -

A 4

v

Figure 8.26: Right hand convention for shear, moment and torque

* Shear Load: Starting at the tip of the wing, the shear load is superposition of the net load on a section with that
of previous section. Net load being the summation of section weight, lift and fuel weight taking into account its
direction of action. Thus it has a linear distribution along the span.

* Bending Moment: It is the area under shear load graph. So the moment will follow a quadratic distribution.

 Torsion: The torque distribution is calculated from the relation between pitching moment and moment due to
lift that is assumed to act on the quarter chord with the moment arm taken as the distance to the shear centre.
In which shear centre is assumed to be located in the middle of the wingbox, so at 45 % of the chord.

The wing is designed for the maximum internal loads which occur at the most extreme condition. The extreme con-
dition is obtained through the gust and manoeuvre V-n diagrams, which can be found in Figure 8.27 and Figure 8.28.
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These diagrams are constructed with the method required from 14 CFR 25.335. In this case manoeuvre load is more
limiting than gust load. Hence the most critical point at the limit load factor of 2.5 with no fuel to provide the bending
moment relief is chosen to design the wing box structure which is shown in Figure 8.27. Also, a safety factor of 1.5 is
implemented in the load distribution resulting into following distributions as observed in Figure 8.30, Figure 8.31 and
Figure 8.32.
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Figure 8.27: Manoeuvre V-n Diagram
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Figure 8.28: Gust load V-n Diagram

WING BOX WEIGHT

The design of the wingbox starts with the definition of the front and rear spars which are located in 0.20 and 0.70 of
the chord length respectively. This is done to take into account the space for high lift devices and other subsystem that
may be implemented in the wing. Since it is a Blended Wing Body, the wingbox structure spans along the fuselage as
well. However, the dimension and orientation differs in the fuselage section compared to the wing, as it has to take
into account the cabin and fuselage shape while still maintaining the load distribution from the wing.

Asseen in Figure 8.33, the length of top/bottom panel (a) of wingbox is assumed to be 50 % of the average chord length
of the corresponding sections. The spar height (b) is taken as the average of the airfoil thickness which is 10.6 % of the
average chord. And the wingbox structure is also assumed to be a thin walled structure.

After having defined the wingbox, it is sized to carry the critical forces and moments as mentioned above in load
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Figure 8.33: Wing box definition

distribution. The flow of the wingbox structural analysis can be seen from Figure 8.34.
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Figure 8.34: Wingbox structural design flow
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First the top and bottom panel, responsible to carry compressive and tensile stresses respectively, due to bending mo-
ment experienced by the wing are sized. The panel thicknesses for each section along the span are designed so as to
withstand the fatigue stress of the material using Equation 8.19. At this point, Aluminium and Composite are consid-
ered for the wingbox structure, which will result in different thicknesses and total weight for the different material. In
the end, comparison can be done to pick which material suits best by comparing the weight and the cost inflicted to
the design.

My
Obend = 57— (8.19)

I

where, Iy is calculated using Equation 8.20 following the dimension of wingbox in Figure 8.33.

ab®> b
—) (8.20)

Liy=t|—+
o (2 6

Thereafter, using the minimum skin thickness, the additional required thickness is transferred to the reinforcements.
So stringers are added to the skin and buckling analysis is done to ensure that the stiffened panel fails with buckling
stress higher than the actual bending stress in the panels. At the same time the bending stresses in the wingbox
should be lower than the fatigue stress. A hat stringer is chosen which provides the largest moment of inertia and is
found to be the most used stringer shape in aircraft wing. Buckling stress of the stiffened panel is calculated using
Equation 8.21, Equation 8.22 and Equation 8.23 where, b is the distance between stringers, as obtained from the
structural analysis course [28].

c_"E ( t)z 8.21)
o =C——| = .
T T120-v2) \ b
ol _[Cc #’E 21"
Iee _ 1 & .y (8.22)
oy oy 12(1-v?) b
ol A
(O cc)panel = A (8.23)

In this way the top and bottom panels are designed to have less compressive and tensile stresses respectively than
fatigue as well as buckling stresses.

Furthermore, the spar is assumed to carry the shear stresses from transverse shear loads and torsion experienced by
the wingbox. A c-sectioned spar shape is chosen assuming it provides more enclosed area(A;,) and hence introduces
less shear stresses as suggested by Equation 8.25. The spar cap is assumed to occupy 10 % of wingbox length ( a in
Figure 8.33) and its height is assumed to be equal to height of wingbox (b in Figure 8.33). The spar thickness is then
estimated by analysing the shear stresses in the spar which should be less than the yield shear stress of material used.
The shear stresses in spar is calculated as Equation 8.24 and Equation 8.25.

VQ
Tshear = 7 (8.24)
Lix tspar
d (8.25)
Tiorsion = ————— .
torsion = fepar Am
Ttotal = Tshear T Ttorsion (8.26)

Due to the time constraint, the design of the rib is excluded from the structural analysis. However, since ribs play an
integral role to the wing structure, the placement is assumed to be 0.4 meter apart from each other. This spacing is
taken from a journal about the "Effect of Ribs and Stringer Spacing on the Weight of Aircraft Structure for Aluminium
Material" [29]. It has to be taken into account that the current analysis, without ribs, already taken into account the
buckling constraint in regards to the stringers placement. So the ribs weight is takes into account for the wing weight
estimation, but it is not yet iterated to the design.
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Hence, the total wingbox weight including skin, spars and ribs is obtained at the end. The total wing weight is then
estimated using Equation 8.27, which shows the relation of total wing weight and the wingbox weight from [30].

Wactual = 9.1669 w8248 (8.27)

calc

To summarise, with the inputs that are mentioned in Figure 8.34, the structural analysis and iteration can proceed
along the flow. The goal of this iteration is to iterate the wingbox design to be strong enough to withstand the most
critical loads while keeping the weight as low as possible. First, the stress due to the bending moment along the span
is analysed to iterate the thickness of the wingbox panels. Then, critical stress due to buckling is assessed to iterate the
amount of stringers in the panel. Afterwards, shear stresses due to transverse shear and torsion is assessed to iterate
the spar design. The loop then repeats until the wing weight converges with a margin of 5%.

8.9.2. WING STRUCTURE DESIGN RESULTS

The purpose of the structural design as restated is to estimate the wing box weight and hence the wing weight, re-
iterating it to the loads experienced by the FB400 aircraft. With the method explained in Subsection 8.9.1, the final
wingbox design is presented. The design is able to withstand the maximum bending moment, shear force and torque
experienced at the root of the wing (root of part 2 in Figure 8.25) which is mentioned in Table 8.12.

Table 8.12: Maximum values at the wing root

Shear force [kN]
653.7

Moment [KNm]
5575.2

Fuel fraction | Load factor
0 2.5

Torque [kNm]
386.7

Using Carbon as the material for all the components of wingbox including, skin, stringers, spars and ribs, the total
wingbox weight is calculated to be 2,684.7 kg and the total wing weight obtained from Equation 8.27 is 10,931.1 kg.
For an aluminium wingbox with a density of 2,770 kg/m?>, the wingbox sizing changes resulting in weight of 4,729.6
kg with total wing weight of 17,438.5 kg. It is estimated a range of 100-1000 Euro of weight penalty for every kilogram
added to the operational cost of the aircraft[31]. With the estimated cost of 6 USD (5.44 EUR) per kg for aluminium
and 80 USD (72.56 EUR) per kg [32] for composite, a comparison between weight and cost is done.

Table 8.13: Composite vs aluminium with 400 EUR per kg weight penalty

Material Wingbox Mass [kg] | Material Cost [EUR/kg] | Wingbox Cost [EUR] | Weight Penalty [EUR] | Total Cost [EUR]
Carbon-fibre-composite | 10,931.1 72.56 793,160.30 0.00 793,160.30
Aluminium (2024 T6) 17,4245 5.44 94,789.22 2,597,357.36 2,692,146.58

With the result of the trade off shown in Table 8.13, composite is justified to be the preferred material for the design for
a 400 EUR penalty per kg. Even though the material price is significantly more expensive than aluminium, the weight
penalty estimation is able to counteract the difference. Aluminium is only profitable when the penalty is 100 EUR.
Since the range varies from 100 up to 1000 EUR it is more profitable in the long run to cut the operating cost.

Table 8.14: Properties of material used

Material
M21E IMA

Poisson ratio
0.295

Density [kg/ m°]
1,582

E [GPa]
68.7

Fatigue stress [Mpal]
206

Fatigue shear stress [Mpa]
118.9

Using quasi-isotropic carbon fibre composite with properties as shown in Table 8.14, the design resulted in varying
thicknesses along the span for 20 different section for wing excluding the fuselage part (part 1 in Figure 8.25), calcu-
lated with method mentioned above using excel. The material mentioned is also used in parts of A350.The top and
bottom panel thicknesses are found to vary from minimum thickness of 1.472 mm at the tip to 4.416 mm towards the
root, with increasing thickness towards the root since the root has to be strong enough to withstand the maximum
bending stresses there. Similarly, the C-spar thickness also increases towards the root from 1.472 mm to 4.416 mm.
Again this is expected as the shear stresses are maximum at the root since the shear force and torque is maximum
there. The hat shaped stringer with dimension, 50 mm height and 4.416 thick is used. A maximum of 21 stringers
are at the root while there is a minimum of 4 stringers at the tip section of wingbox. Lastly total of 20 ribs of 3 mm
thickness are in the wingbox.

Since the fuselage part (part 1 in Figure 8.25) also generates lift as shown in Figure 8.29, that part also experiences
internal shear forces and torque as seen in Figure 8.30 and Figure 8.32. The shear stresses in the structure from the
shear forces and torque is thus carried by the spars. The front and rear spars of thickness 5.888 mm continues through
the fuselage top and bottom skin as shown in Figure 8.35.
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Next to shear and torque, also bending is introduced in the fuselage. Since the wing is deflected upwards, the spars
going through the top of the cabin are compressed, while the spars going through the bottom of the cabin will be in
tension. Instead of designing the spars for buckling, an analysis is done on the ceiling thickness in Subsection 8.9.4
and it is assumed that the ceiling will take most of the compressive loads caused by bending.

Figure 8.35: Spar continuation along the fuselage

8.9.3. VERIFICATION AND VALIDATION FOR WING STRUCTURE

The structural analysis tool is verified by first making sure the equation implemented in the excel sheet matches with
the actual equation being used. So the reference cells have to match correctly. Then, by visualising the load distri-
butions, it can be verified to the trend based on the lecture of structural analysis [28]. With the stress analysis, the
verification is done by testing how the input affects the output, i.e. by setting the moment to be zero, the tool should
output a panel thickness of zero. The validation is done by comparing the output to the range of values found on the
references. For example, the skin thickness is found to be about 7 mm, spar thickness about 15mm and rib thickness
of 3 mm from [33].

8.9.4. FUSELAGE STRUCTURE DESIGN METHOD

Multiple fuselage designs have been created for blended wing bodies. Most of them are using the multi-shell method,
where the fuselage consists of several smaller circular cross sections aligned next to each other. However, vertical walls
between the sections are required when this fuselage design is pressurised. Hoogreef’s method proposes a design
where no vertical walls between the section are needed, which allows for one large open section [34]. This is in favour
for the flexibility of the cabin configuration and the passengers, since the spacious layout will give a more comfortable
feeling than a narrow circular section. His method is used for the fuselage design.

Figure 8.36 shows the design of the fuselage. The structure is designed to withstand the forces created by the pressuri-
sation of the aircraft. Figure 8.37 shows a schematic drawing of the left side of the fuselage. Throughout the length
of the aircraft, the cabin height will remain constant. However, the radii R1, R2 and R3 are not constant between the
longitudinal sections. Figure 8.38 shows how the forces in the outside skin are transferred into the fuselage structure.

Figure 8.36: Oval fuselage concept [34] Figure 8.37: Semi cross section [34]  Figure 8.38: Force equilibrium at A [34]
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The structure is divided into 16 longitudinal sections, and the forces and resulting thicknesses are calculated at every
section. The front part of the cabin is divided into 5 sections, the middle part into 6 sections and the last part into 5
sections, as shown in Figure 8.39.

Figure 8.39: Fuselage sections

The forces in the skins are calculated using Equation 8.28, where % is the force in the skin per unit length, j is a
safety factor, Ap is the pressure difference in flight and R; is the radius of the skin geometry. Since the radii of the top
and bottom skin are larger, the resulting forces at sections A and B will cause a tensile stress in the vertical walls and
a compressive stress in the floor and ceiling. Forces in horizontal and vertical direction are calculated using simple
trigonometry. The angle under which the resultant force acts is a function of the angle of the tilted wall and the radius
of the skin and will thus be different for all the sections. The required pressure difference is the difference between
the pressure at cruise altitude and a pressurised cabin according to requirement HCSR-STR-001: The cabin shall be
pressurised to 8,000 ft pressure altitude at maximum flight altitude.

Fi _ inpR; (8.28)
Al_] PRy .

In order to calculate the skin thicknesses needed, Equation 8.29 is used. Comparing it to Equation 8.28, it basically
divides the force in the skin per unit length over the fatigue stress, resulting in a value for the thickness.

JApR

(8.29)

skin =
O fatigue

The wall thickness is depended on the fatigue stress of the material and the vertical force applied, as shown in Equa-
tion 8.30. Since this is different for every section, 16 different wall thickness will be calculated.

Fy
Lyall = (8.30)
Ofatigue A l

The compressive stress in the floor and ceiling is compared to the maximum allowable stress due to buckling. The
critical buckling force is given by Equation 8.31, where E is the Young’s modulus, I the moment of inertia and b the
span at that section.

n2El

Ferie = W (8.31)

Since the critical buckling force increases when the moment of inertia increases, use is made of a sandwich panel
in the ceiling and floor. At first, the thickness combination between the panels and the honeycomb of the sandwich
structure was optimised for having the lowest weight possible. However, it soon turned out that the resulting sandwich
structure thickness of 0.5m did not fit inside the fuselage and use had to be made of a maximum honeycomb thickness
of 0.28m, so that the complete sandwich structure thickness would not exceed far beyond 0.30m.

One important assumption made by Hoogreef is that the loads caused by pressurisation are driving the required fuse-
lage skin thickness [34]. The major concern for this assumption was that the bending loads during extreme load cases
had not been taken into account. These loads will introduce a bigger compressive stress in the ceiling of the cabin. To
be sure about the assumption, analysis has been done on the stresses. Equation 8.32 gives the stress in the ceiling at
locations in the middle section of the fuselage.
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Fy

= 8.32
Th 2-tg+t)- AL ( )

The highest compressive stress found is in the back of the middle section and is equal to 176.2MPa. The fuselage
thickness has been designed to withstand this with a safety factor of 1.5. The compressive stress due to bending is
found using Equation 8.33. The moment is maximum near the centre line of the aircraft and is equal to 15.2MNm.
The ceiling’s y-location is 1.2m. The moment of inertia of the ceiling in the section between the two spars is equal to
1.59m*.

M-y
Obend = —5 (8.33)

I

The resulting extra compressive stress equals 11.5M Pa. This means that the assumption made by Hoogreef was cor-
rect in the sense that the pressurisation loads are the driving factor for the thickness of the skin. However, the loads
caused by the loading cases should not be neglected, since the safety factor of the whole structure drops below 1.5 if
the ceiling thickness is not increased.

The application of composites has also been discussed in the fuselage section. For the outer skin this seems like a
reasonable option since the material has high fatigue stresses. However, for the floor, wall and ceiling structure this
becomes rather impossible, since the forces at the corners will cause interply bending and the different layers will
come loose. In the end the decision was made to manufacture only the outer skin out of composites.

8.9.5. FUSELAGE STRUCTURE DESIGN RESULTS
In this section, the required thicknesses for the floor, ceiling, walls and the three outside skins are presented. The
inputs for the program, along the dimensions of each section, are shown in Table 8.15.

Table 8.15: Input parameters for fuselage weight

Parameter | Value | Unit Description

Eq 73.8 GPa Young’s modulus aluminium

Ecomp 68.7 GPa Young’s modulus composite

Pal 2,770 | kg/m® | Density aluminium

Peomp 1,852 | kg/m? | Density composite

Pc 50 kg/m® | Density aluminium honeycomb

j 1.5 - Safety factor

Ofat 135 MPa Fatigue strength aluminium (100,000 cycles)
O fateomp 206 MPa Fatigue strength composite (at 0.3% strain)
Ap 54,346 | Pa Pressure difference in cabin

tc 0.28 m Thickness of the aluminium honeycomb

The resulting thicknesses are shown in Figure 8.40. The largest thickness is found in the top and bottom skins of the
fuselage. The lowest thickness is found in the floor and ceiling skin, which is logical since it is made of aluminium
and is part of a sandwich structure. Furthermore, the thicknesses in the middle section of the fuselage are the largest.
This is expected, since the largest span is at this section, which decreases the critical buckling stress and thus a bigger
moment of inertia is needed to compensate for that. The thicknesses of the bottom, top and side skin are changing
step wise. This is due to the fact that one layer of the chosen composite equals 1.472mm. This includes 8 layers in 4
different directions: 0, 45, 90, -45, -45, 90, 45 and 0 degrees. If the required thickness would exceed 1.472mm, another
layer of the same thickness is added.

8.9.6. FUSELAGE STRUCTURE DESIGN VERIFICATION AND VALIDATION

The code has been verified using the procedures described in Subsection 6.3.1. The validation of the code using
Hoogreef’s data is not completely certain, since the values for the skin radii are not presented in his paper. When
estimating the radii from the drawings and entering this into the code, it gave an error on the final weight of less than
2%. However, estimation certain radii will give insufficient certainty of the validation, so another method is required.
In the validation of Section 8.10 the fuselage weight will also be addressed, together with the wing weight.
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Figure 8.40: Thickness along fuselage length

8.9.7. AIRCRAFT STRUCTURE INTEGRATION

The structure shown in Figure 8.41 is intended to provide a load path for the loads introduced by the vertical tail,
engine and fuselage elevator from their location to the rear fuselage spar and subsequently the rest of the structure.
For simplicity, only one engine and one tail is drawn. 4 beams are attached using stiffeners and rivets to the rear spar
of the wingbox, both at the top and at the bottom. The outer beams are required for the tails and the inner beams for
the engines. In case that the rear spar is unable to withstand the forces caused by thrust, it would be possible to create
cutouts in the spars and continue the beams to the nose of the aircraft and back along the bottom. The spars in the
tail are continued as lateral spars. Also, between the engines an extra spar is created to increase the maximum load.
In the most aft spar, holes will have to be created in order to allow for the elevator systems. The tail is made out of 12
ribs, since the tail height is over 6 meters and in his third book, Roskam proposes a rib spacing of around 60cm [4]. In
the middle section of the fuselage, multiple spars are positioned above and below the fuselage to connect the cabin
to the outer skin. Cutouts will be made in these spars to allow for longitudinal stringers. These have not been drawn
but are assumed to be needed. The cabin itself is visible as the large horizontal cylinder. This cylinder will decrease its
span until it hits the rib between the two engines, where it will end.

Figure 8.41: Tail and engine support structure

Figure 8.42 shows the structure of the front of the aircraft. Large beams run from the front spar to the nose of the
cockpit. Additionally, extra stringers are placed in between these beams, which have not been drawn. Furthermore,
hoops are connected via the beams to allow for pressurisation of the cabin.

Figure 8.43 shows the integration between wing and fuselage. The front and back spar are continued from out the
wing and two extra spars are created through the fuselage. They will account for the bending moment, where the top
spar will be in compression and the bottom spar will be in tension. The stringers in the wing will be continued in
between the spars around the fuselage. However, when entering the fuselage, they will be more spar shaped, meaning
straight and higher, to allow for cutouts for the longitudinal stringers. The spars going through the fuselage will be
continuously riveted to the ceiling and the outer skin on the top, and the floor and the outer skin on the bottom. This
can be done using either stringers or a C-shaped spar. The spars in section 2 of the wing, as described in Figure 8.25,
will also have cutouts to allow for systems to pass through. Additionally, Figure 8.44 shows the positioning of the fuel
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Figure 8.42: Structure front of the aircraft

tank between the front and rear wing spar and its integration with the landing gear for the shortest possible load path.

Figure 8.43: Wing fuselage interaction with stringers in blue
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Figure 8.44: Fuel tank and landing gear integration in the spar structure

8.10. AIRCRAFT WEIGHT

The weight of the aircraft is an important sizing factor because it affects the dimensions of the structural components
as well as the planform dimensions and thus stability characteristics and flight performance. Therefore, the weight
estimation performed during the previous design stage is improved by calculation of the weights of the aircraft systems
and combined in order to provide a more accurate prediction of the total aircraft weight.
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8.10.1. AIRCRAFT WEIGHT METHOD

The aircraft weight is calculated using two methods - an initial estimation based on mission fuel weight fractions,
using Roskam’s book [4] and component weight estimations, using Raymer’s book [19], Desktop Aeronautics [35] and
Hoogreef’s method [34]. The component weight estimation is used to provide an OEW which is then used as a fraction
of the MTOW as an input to the first method and iterated until a difference below 1 % is achieved compared to the first
method.

The initial weight prediction from the previous design stage, as shown in Table 7.1 has changed compared to the
previous design stage. This is because the values for specific fuel consumption during the cruise and reserve cruise
phase were updated. Additionally, the values for L/D and cruise speed changed due to optimisation of performance
in terms of both aerodynamics and sustainability. This is explained in more details in Chapter 9.

A more detailed weight estimation method is performed in this design stage which is calculating the weight of each
aircraft component or system separately.

Hoogreef’s method [34] showed a good estimation for the fuselage weight. The wing weight results from creating
a structural design and calculating the wing weight using a penalty factor. Extra weight has been added for the
spars which continue from the wing into the fuselage, which have not been taken into account by the method from
Hoogreef. The weight estimations from Desktop Aeronautics [35] and Raymer [19] are applicable for the other com-
ponents of the aircraft. A look has also been taken at Torenbeek, however all the weights that resulted from his method
seemed low compared to the other methods [22]. His results will be discussed in Subsection 8.10.2. Table 8.16 shows
the component weights calculated using Desktop Aeronautics’ method. S, is the vertical tail surface area, S,y is the
wing reference area and Nge,s is the number of seats in the aircraft.

Table 8.16: Imperial component weights Desktop Aeronautics [Ibs] [35]

Component Equation

Flight controls & hydraulics | 3.5 Syt +0.65 Spef

APU 7N, seats

Instrument 1,200 for long range

Electrical 13 Ngeats

Avionics between 900 and 1,500 for big aircraft
Furnishing 78.6 - Ngeats

Air conditioning 15 Ngeats

Table 8.17 shows the components weights calculated using Raymer’s method. Explanation for the symbols can be
found in the nomenclature.

Table 8.17: Imperial component weights Raymer [lbs] [19]

Component Equation

Vertical tail 0.0026- (1 + 72-)0225 . 2556 NO536 . [ 205 05 K075 cos(Ay) 1+ AP0 - (£)705
Main landing gear | 0.0106 - Kmp - W% - Ngz. L Np2t - Nyt - v,

Nose landing gear | 0.032- Ky, - W%*%- NP2 105 NJ.°

Engine controls 5.0 Nen +0.80+ Lec

Fuel system 2.405- VOO (1+ )71 (14 ). NS

Handling gear 3.0-107*- Wag

The aircraft’s empty weight is calculated by adding all the components weight to the fuselage and wing weight. For
the operating empty weight, the weight of the crew, the engine and the trapped oil and fuel is added.

8.10.2. AIRCRAFT WEIGHT RESULTS

After converging all the inputs and outputs of the design, the weights followed and are presented in Table 8.18. In
order to extract the weight of the fuselage, the values of the sheet are multiplied with the density of aluminium and
the density of an aluminium honeycomb is applied where necessary. However, this will not give the total weight of the
fuselage yet. Behind the cabin, where the engine and tails are positioned, there is also a large amount of skin which
has not been accounted for yet. Also, the bulkheads at the front and back of the cabin are not taken into account yet.
For the first, the area of the skin is calculated and an average thickness 1 mm is chosen, which resulted in a weight of
6.8kN. For the latter, the thickness required for the bulkheads due to the pressurisation is calculated, together with
the shape, and the weight follows from there. The front bulkhead has a weight of 0.2k N and the rear bulkhead has a
weight of 2.5k N, due to the larger diameter.
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Table 8.18: Operating empty weight components

Component Weight [kN] | Component Weight [kN]
Flight controls & hydraulics | 30.0 Vertical tail 12.7
APU 12.5 Main landing gear 66.5
Instruments 5.3 Nose landing gear 8.3
Electrical systems 23.1 Engine controls 0.8
Avionics 5.8 Fuel system 2.5
Furnishing 151.2 Handling gear 0.5
Air conditioning 26.7 Trapped fuel and oil | 8.8
Engine 36.0 Crew 10.2
Wing 121.0 Fuselage 368.3
Total operation empty weight 890.1 kN

The MTOW is calculated by adding the weight of the payload and the fuel to the operating empty weight and results
in 1750kN.

The choice for Raymer and Desktop Aeronautics weight estimations is because Torenbeek gave values that were ex-
pected to be too low. The weight estimations for the hydraulics and the landing gear were comparable with the used
methods and the weight for instruments and avionics was even estimated 4.5 kN higher than the current value. How-
ever, for flight controls, APU, electrical systems, furnishing and air conditioning the values were low. If Torenbeeks
method would have been applied, the operating empty weight would have been around 100 kN lower. This was
thought to be unreasonable and that is why the decision was to implement Raymer’s and Desktop Aeronautics’ weight
estimations instead.

8.10.3. AIRCRAFT WEIGHT VERIFICATION AND VALIDATION

The calculations for the component weights are verified as described in Subsection 6.3.1. For validation data from ref-
erence aircraft is taken from Brown’s thesis [14]. The reference aircraft consist of OREIO, N2A-EXTE, SAX-40, BWB150,
BWB250 and BWB400. The component’s percentage of MTOW is presented in the second and fifth column in Ta-
ble 8.19. The third and sixth column show the reference aircraft data.

Table 8.19: Component weight fractions [14]

Component %MTOW | Ref. Component %MTOW | Ref.
Flight controls & hydraulics | 1.7 0.8-2.9 | Vertical tail 0.7 0.5-0.8
APU 0.7 0.2-0.8 | Landing gear 4.3 2.7-4.6
Instruments & avionics 0.6 0.9-1.9 | Engine controls 0.1 0.1-0.9
Electrical systems 1.3 0.3-0.8 | Fuel system 0.1 0.1-0.2
Furnishing 8.6 5.9-6.4 | Air conditioning & anti-ice | 1.5 0.1-1.7
Wing 6.9 7.1-12.9 | Fuselage 21.1 12.0-18.5

There are some noticeable differences in the table. The first one that can be seen is the 8.4% furnishing weight fraction.
This weight is slightly higher than normal because the design allows for foldable chairs in multiple locations. Further-
more, interesting in particular are the wing weight and the fuselage weight. The wing weight fraction is lighter than
the reference aircraft, but the fuselage weight fraction appears to be larger. This is caused by the definition of wing and
fuselage. It is assumed that all the mass in the area surrounding the cabin is called the fuselage. However, multiple
methods also call this a part of the wing. This is why a part of the fuselage weight is considered to be wing weight for
some methods. An extra verification is done using Howe’s method [36]. In his paper, Howe presents a prediction for
wing and fuselage weight, again with different definitions for the two. However, now the weights for wing and fuselage
have been added and are compared to the total weight of the wing and fuselage in the results. The resulting difference
in total weight of wing and fuselage is only 2.8%. Since his method is mainly based on statistics, it is preferred to stick
to the calculated weights for fuselage and wing based on the structural needs.

8.11. CENTRE OF GRAVITY

During ground operations and during flight the centre of gravity of the aircraft will shift. This has consequences for
the stability and control of the aircraft, which will be analysed later in this report. An overview of the c.g. excursion is
shown in Figure 8.45. For stability and control of the aircraft it is important that the c.g. stays in front of the neutral
point, but not to far in front because that will require a high elevator deflection for trimming the aircraft in flight.
Therefore the most aft c.g. location should be close to the neutral point and the c.g. travel should be small. To obtain
the c.g. travel, first a starting point is set as the OEW c.g.. This is computed from the individual component c.g.
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locations, which can be found in Table 8.20. The total OEW c.g. is then 24.0 m, measured from the nose of the aircraft.
During ground operations the aircraft is loaded with passengers, cargo and fuel. To keep the c.g. travel small, the full
fuel tank is designed to have its c.g. close to the OEW c.g.. In that way the c.g. shifts forward when loading passengers
and backwards when loading fuel. The most forward c.g. is computed from the situation with full payload and no fuel,
which results in a c.g. location of 23.2 m, measured from the nose of the aircraft. The most aft c.g. happens when only
fuel is loaded and this is at the same location as the OEW c.g..
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Figure 8.45: Loading Diagram
Table 8.20: C.G. location of the components
Component C.G. location from nose [m] | % MAC | Method
Flight controls 15.7 -0.023 | Middle between cockpit and middle of rear spar
Hydraulics 33.3 0.72 Middle of the spars where control surfaces are located
APU 21.2 0.21 At landing gear longitudinal position
Instruments 2.00 -0.60 2 m from aircraft nose
Electrical systems 224 0.26 Middle of cabin area
Avionics 2.00 -0.60 2 m from aircraft nose
Furnishing 22.2 0.25 Middle of cabin
Air conditioning 22.2 0.25 Middle of cabin
Engine 34.5 0.77 At engine C.G.
Wing 27.7 0.48 40 percent of MAC of wing section 2 and 3
Vertical tail 38.7 0.95 40 percent of MAC of the tail
Main landing gear 20.2 0.21 At longitudinal strut position
Nose landing gear 9.30 -0.30 At longitudinal strut position
Engine controls 18.3 0.086 Halfway between cockpit and engine
Fuel system 24.5 0.35 Center of fuel tank
Handling gear 11.6 -0.20 Between gear and cockpit
Trapped fuel and oil | 24.5 0.35 Center of fuel tank
Crew 22.2 0.25 Middle of cabin
Fuselage 224 0.26 Middle of cabin area
OEW 23.7
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PERFORMANCE ANALYSIS

This chapter describes the mission profile for the reference mission of 700 nmi and the design mission of 3500 nmi. It
also provides aerodynamic performance parameters. Fuel weight and main performance parameters are presented in
Section 9.1, aerodynamic performance is analysed in Section 9.2, Section 9.3 shows how the FB400 performs during
take off, cruise and landing and finally, the FB400 is compared with aircraft on the current market in Section 9.5.

9.1. MISSION PROFILE

The aircraft is designed to fly for short and medium range missions. The reference mission, i.e. the mission which it
is going to perform most often has a range of 700 nmi. However, the design mission range is 3500 nmi, therefore the
aircraft should be able to perform both missions with optimal parameters and minimal global warming impact.

In order to achieve this, the aircraft is designed for the medium range of 3500 nmi and its performance parameters
are computed based on planform parameters, stability requirements and OEW prediction. The mission is assumed to
consist of 11 phases, as shown in Figure 9.1. The phases are as follows: phase 1 - start of the engines, phase 2 - taxi,
phase 3 - take-off, phase 4 - climb 1, phase 5 - cruise, phase 6 - descent 1, phase 7 - climb 2, phase 8 - cruise 2, phase 9
- loiter, phase 10 - descent 2 and phase 11 - landing. Note that the mission profile includes reserve fuel in case cruise
to alternate destination and loiter are required. This is where the second part of the mission profile is included.

Fly to alternate
and loiter

Figure 9.1: Aircraft mission profile [37]

The ratio between the weight at the beginning and at the end of each mission phase is estimated, i.e. the fuel weight
fractions. For most of the fractions, statistical relationships are used obtained from the book of Roskam [4]. However,
for phases 5, 8 and 9 Equation 9.1 and Equation 9.2 are used.

Re = c}_:“fg-(%)cr-ln(%) 9.1)
S

For those equations, the cruise speed and cruise L/D ratio are obtained by iterating with the values for lift and drag
coefficient from AVL as well as recommended altitude and cruise speed for minimum SAR. Furthermore, the specific
fuel consumption for the different mission phases is taken from engine specifications '.

However, it is not the case that the aircraft will loiter and cruise to an alternate destination each time it performs a
mission. Therefore, for both missions, a minimal fuel weight is computed, which will be the fuel weight required for

LGENX™ high bypass turbofan engines. Accessed January 2020. https://www.geaviation.com/sites/default/files/
datasheet-genx.pdf
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the mission itself without reserves. Both mission profiles can be seen at Figure 9.2 and Figure 9.3. The results for each
mission are described in Subsection 9.1.1 and Subsection 9.1.2.

3500 nmi

Figure 9.2: Design mission profile Figure 9.3: Reference mission profile

9.1.1. DESIGN MISSION - 3500 NMI

For the design mission, the aircraft has to be able to fly 3500 nmi, which means that it can spend more time climbing
to a higher altitude for cruise in order to achieve maximum performance. The fuel weight fractions for this mission
are presented in Table 9.1, while the performance parameters are listed in Table 9.2.

Table 9.1: Design mission fuel weight fractions

Mission phase Fuel weight fraction
1 - Start of engines 0.990
2 - Taxi 0.990
3 - Take off 0.995
4 - Climb 0.980
5 - Cruise 0.818
6 - Descent 1 0.990
7 - Climb 2 1.000
8 - Cruise 2 0.970
9 - Loiter 0.971
10 - Descent 2 1.000
11 - Landing, taxi, shut down 0.992
Total fuel weight fraction 0.723
Total fuel weight fraction without reserves | 0.768

Table 9.2: Performance parameters for design mission range 3500 nmi

Parameter Value Unit
Altitude 11.5 [km]
Ver 222.4 [m/s]
M, 0.75 [-]

G, 1.47-107° | [kg/Ns]
L/D¢; 20.3 [-]
L/Dmax 23.3 [-]
Ci,, 0.19 [-]
Clo 1.05 [-]
Span efficiency | 0.97 [-]
M-L/D 15.2 [-]

With this information it can be concluded that the fuel weight required for the design mission is 410 kN (42 t) resulting
in a MTOW of 1480 kN (151 t). However, for a nominal mission, with no reserve fuel, fractions 6 to 9 are omitted,
which means that the total fuel fraction becomes 0.768 and the aircraft should consume 35 t of fuel for each mission
of 3500 nmi. The fuel weight and the operating empty are plotted versus the maximum take of weight in Figure 9.4
and Figure 9.5, in order to validate the results.

It can be seen that in both graphs the red dot is almost on the straight line, which means that the fuel weight and
the operating empty weight have the same fraction of the MTOW as the reference aircraft. However, the MTOW and
OEW seem lower that reference aircraft. This is due to the method used for estimation of the component weights,
as explained in Subsection 8.10.1. The component weights are underestimated with this method, thus the OEW is
underestimated which leads to lower MTOW. If a more accurate method for finding component weights is used, the
results could be improved.
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Figure 9.4: Fuel weight vs MTOW for reference BWB aircraft (blue dots) and the FB400 (red dot)
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Figure 9.5: OEW vs MTOW for reference BWB aircraft (blue dots) and the FB400 (red dot)

9.1.2. REFERENCE MISSION - 700 NMI

The reference mission is assessed in a slightly different way, since the aircraft is sized to fly 3500 nmi. However, 700
nmi is a short range, which means that the fuel required for this mission is way less than for the design mission.
Furthermore, the aircraft has to fly lower due to waste of energy for the climb phase of the flight. This is why it burns
more of its fuel during climb compared to the range of 3500 nmi. This results in different cruise speed and L/D ratio,
thus different fuel weight fractions and different fuel weight. Additionally, the cruise Mach number is driven not only
by sustainability and aerodynamic analysis but also from requirement HCSR-PER-006, implying that the flight time
shall be no longer than 2 hours 15 minutes, in order for the aircraft to be competitive on the market. The chosen
altitude and Mach number result in a flight time of 2 hours 14 minutes. The fuel weight fractions for this mission are
presented in Table 9.3, while the performance parameters are listed in Table 9.4.

Table 9.3: Reference mission fuel weight fractions

Mission phase Fuel weight fraction
1 - Start of engines 0.990
2 - Taxi 0.990
3 - Take off 0.995
4 - Climb 0.980
5 - Cruise 0.964
6 - Descent 1 0.990
7 - Climb 2 1.000
8 - Cruise 2 0.970
9 - Loiter 0.971
10 - Descent 2 1.000
11 - Landing, taxi, shut down 0.992
Total fuel weight fraction 0.852
Total fuel weight fraction without reserves | 0.905
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Table 9.4: Performance parameters for reference mission range 700 nmi

Parameter Value Unit
Altitude 10.9 [km]
Ver 220 [m/s]
M, 0.75 [-]

G, 1.47-107 | [kg/Ns]
L/D¢; 20.3 [-]

L/ Dpax 23.3 [-]
Cr,, 0.19 [-]
CL, 1.05 [-]
Span efficiency | 0.97 [-]
M-LID 15.2 (-]

This results in fuel weight of 182 kN (18.6 t), which is 56 % less than the design missions and take off weight of 1238
kN (126.3 t), which is 16 % less than the design mission and would decrease operational cost. If the reserve mission is

not performed, which is usually the case during nominal operational conditions, the aircraft would have to use 11.9 t
of fuel for a range of 700 nmi.

9.1.3. DESIGN FLEXIBILITY

The 700 and 3500 nmi missions are only two of the ranges the aircraft can fly. In Figure 9.6 all the useful combinations
of payload and fuel that can be carried on board are presented, in order to show the flexibility of the design. The
range is computed by extending the cruise mission phase. With this method and a total fuel capacity of 66 L and a fuel
density of 800 kg/L the maximum range is 9355 km. The maximum payload is restricted by the number of seats and
the volume in the cargo compartment. There is no extra space for more cargo containers, which makes the design
mission payload equal to the maximum payload.
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Figure 9.6: Payload-Range Diagram

9.2. AERODYNAMIC PERFORMANCE

In the aircraft performance analysis, the aerodynamics is an important aspect to consider. In the aerodynamic analy-
sis, the lift curve and drag polar are plotted. Both plots are presented in this section.
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9.2.1. LiFT CURVE

In Figure 9.7, the lift curve of the aircraft is presented. It has been obtained by performing aerodynamic simulations
in AVL. Note that at an angle of attack of just above 16°, the continuous line becomes a dotted line. This is because
AVL is a potential flow solver and does not predict viscous effects and therefore also does not predict flow separation.
For this reason, near stall conditions are indicated with the dotted line. As a rough estimation, the angle of attack at
which the flow starts to separate is estimated by performing several simulations in AVL to find the angle of attack at
which local airfoil sections on the wing start to reach their maximum lift coefficient. The corresponding lift coefficient
to this angle of attack is 0.9 (without high lift devices). Note that the slope of the lift curve is relatively low compared
to conventional aircraft. This low slope can be explained by the fact that the wings have high sweep angles and a
relatively low aspect ratio.
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Figure 9.7: Lift Curve

9.2.2. DRAG POLAR

In Figure 9.8, the drag polar is presented. Similar to the lift curve, data for high angles of attack is indicated with dotted
lines. The drag polar is obtained by calculating the induced drag with AVL for different values of the lift coefficient.
The viscous drag (Cp,) is added by estimating by using the wetted area obtained from CATIA and a friction coefficient
of 0.003. By adding induced drag and viscous drag contributions, the drag polar graph is constructed.

The two term drag polar is given in Equation 9.3 By interpolating the data in Figure 9.8, the Oswald efficiency factor
(e) is found to be 0.89.

Cp = CDO + — (9.3)
/4
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Figure 9.8: Drag Polar

9.3. FLIGHT PERFORMANCE

In order to check the compliance with the take off and landing requirements (HCSR-PER-001, HCSR-PER-002 and
HCSR-PER-003) and to optimise the cruise performance of the aircraft, the flight performance is analysed.
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9.3.1. TAKE OFF PERFORMANCE

The take off performance is analysed in order to check if the aircraft can take off from a balance field length of 9000
ft with the angle of attack and the lift off speed it is designed for. Firstly, the ground run distance is estimated via
Equation 9.4

_ Vioe?
Xground = E% 1,493m (9.4)

where @ is the average acceleration during ground run and is equal to:

a==-(T-D-Dy) 9.5)

£
w
The lift off speed is computed with Equation 9.6

Vior = 1.05 Vipin (9.6)

With a minimum speed of 145 kts, the ground run distance is 1493 m. The second part of the take off is the transition
phase, where the transition horizontal distance is calculated using Equation 9.7.

2
VLOF

0.15-g

-+ SINYclimb = 370m 9.7)

Xtrans =

With a climb angle of 3.4°, the transition distance of the FB400 is 370 m. Finally, the horizontal distance covered during
the climb phase is computed via Equation 9.8 with a screen height of 15.2 m.

2

v,
hser — (1 —cosy) - 0.1Lg-Fg

Xclimb = rany =133m (9.8)

To find the total take off distance, the ground distance is summed with the airborne distance resulting in:

Xtake-off = Xground + Xtrans + Xclimb = 1,996m =6, 549ft 9.9

This means that the aircraft would usually need less than 9,000 ft in order to take off because of the large amount of
lift it is producing.

9.3.2. LANDING PERFORMANCE

The landing performance analysis is similar to the take off but in the opposite order. Starting with the airborne phase,
which includes the flare and descent distances, calculated with Equation 9.10 and Equation 9.11 with the required
approach speed of 145 kts, approach angle of 3° and assumed difference in load factor An =0.1

V2
Xflare = ﬁ - SinYapp = 297m (9.10)

Vi
hser — (11— COSYapp) : W‘f‘;
Xdescent = tany =142m 9.11)
app

The transition phase is estimated to be around two seconds and is computed via Equation 9.12.

Xtrans = 2 Vapp = 149m (9.12)
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Finally, the braking distance using thrust reversers is computed using Equation 9.13 and the total landing distance is
the sum of the flare, descent, transition and braking distances, as shown in Equation 9.14.

w? 132 1
Xbrake = 75 = — — =1,863m (9.13)
28S Clpey Trey+D+p-(W-1)
Xlanding = Xflare T Xdescent + Xtrans + Xbrake = 2,451m=8,041ft (9.14)

This means that the landing distance is also smaller than the required distance of 9,000 ft.

9.4. CRUISE PERFORMANCE

In order to optimise the cruise performance of the aircraft, the range parameter, i.e. M-L/D is plotted versus the cruise
altitude, as shown in Figure 9.9.
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Figure 9.9: Range parameter vs altitude

It can be seen that for increasing the altitude, the range parameter increases linearly, up to the point of 12 km and then
drops because the higher speeds cause more wave drag and also due to the low density, which decreases the lift force
created by the aircraft.

Therefore, it can be concluded that in terms of performance, the optimal cruise altitude is 12 km. This is achieved at a
Mach number of 0.78 and L/D of 20.1. However, it is chosen to design for an altitude of 11.5 km in order to reduce the
radiative forcing and to save energy for climb, since the mission ranges of the aircraft are not long. If the aircraft is to
perform a mission larger than 3500 nmi, it is advisable to fly at 12 km.

9.5. COMPARISON WITH CURRENT AIRCRAFT

In order to see how this aircraft differs from current aircraft on the market, it is compared to the performance of Boeing
777-200 .

It can be seen that the Boeing 777 flies a a bit lower than the FB 400, although it is designed for larger ranges. This and
the fact that conventional aircraft have more wetted area in general leads to a lower L/D ratio for the Boeing 777. The
lift maximum lift coefficient of FB 400 is lower because it has a large area that can help it take off and land more easily.
Furthermore, it has a lower drag coefficient because of its specific geometry. In general, the FB 400 is better than
current aircraft in terms of aeropropulsive performance and efficiency, since flying at higher altitude with a higher
glide ratio leads to less fuel burnt. Moreover, flying higher and slower is beneficial for the specific air range values, as
described in Chapter 12.

2Modern Airliners. Accessed January 2020.http://www.modernairliners.com/boeing-777/boeing-777-specs/


http://www.modernairliners.com/boeing-777/boeing-777-specs/

Table 9.5: Comparison of performance parameters of FB 400 and Boeing 777

Parameter Boeing 777 | FB 400 | Unit
Altitude 11 11.5 (km]
Ver 251.4 222.4 [m/s]
My, 0.84 0.75 -]
L/D¢; 19.3 20.3 [-]
Cr,.. 2.5 1.05 [-]
M-L/D 16.2 15.2 [-]
Take off distance | 8300 6,550 [ft]
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STABILITY AND CONTROL ANALYSIS

10.1. LONGITUDINAL STABILITY AND EQUILIBRIUM

According to the requirements and regulations, the aircraft must possess positive longitudinal stability, meaning that
the aircraft will return to its equilibrium longitudinal flight condition after a change in oncoming airflow. Technically,
this means that C, has to decrease with an increasing angle of attack or:

oG
Cmy = ——

<0 10.1
“~ Ba (10.1)

For aircraft without horizontal tail, C,, is given by the following equation:

(10.2)

Since the normal force on the aircraft will increase with angle of attack (Cy, > 0), the only way for Cy,,, to be negative is
if the other term on the right hand side of Equation 10.2 is negative. Note that the position of the aerodynamic centre
used in the equation refers to the aerodynamic centre of the wing-fuselage combination.

One of the challenges in designing a FB400 is the absence of a horizontal stabiliser. In conventional aircraft, the
horizontal tail is used to make sure that the neutral point of the aircraft is located behind the aft most centre of gravity.
The FB400, however, does not have a horizontal tail. In this case, the neutral point of the aircraft is the aerodynamic
centre. Equation 10.2 can therefor be written as:

(xcg - xnp )

C
m MAC

=Cn, -

a a

(10.3)

VORTEX LATTICE METHOD

From Equation 10.3 it is apparent that the neutral point, or aircraft aerodynamic centre must be located behind the
centre of gravity. In order to obtain the location of the neutral point of the FB400, a vortex lattice method is used. For
this purpose, MIT’s Athena Vortex Lattice (AVL) is chosen. The aircraft geometry as defined in the Class I and Class
I design is defined in AVL. The discretisation of the geometry into vortex lattice panels is done using 20 chord-wise
and 36 span-wise distributed panels. Both chord-wise and span-wise panelling is done in a cosine like distribution,
meaning that more dense panelling is done near the leading and trailing edges and near the aircraft centre line and the
wing tips. Simulations with different panelling have been performed as well, showing the same results. The geometry
of the aircraft in AVL is shown in Figure 10.1.

valer

Figure 10.1: Aircraft geometry in AVL.

Once the aircraft geometry and the panelling has been set, the neutral point can be calculated. The static longitudinal
stability can then be expressed by giving the static margin:

67
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Xnp — X,
SM=""2 "% (10.4)
MAC

In particular the minimum static margin is of interest, in which the aft centre of gravity is used to calculate static
margin. The estimation of the centre of gravity position has already been described in Section 8.11. In order to obtain
a neutrally stable aircraft, the outer wing position and sweep angle are varied in the design iterations, as well as the
longitudinal position of the engines which changes the centre of gravity location. In this way, the neutral point and aft
centre of gravity can be placed very close to one another.

EQUILIBRIUM IN STEADY FLIGHT

Equation 10.1 describes the condition required for longitudinal stability in flight. In order to maintain equilibrium
during flight, however, it is also required to balance out the moments about the aircraft centre of gravity by trimming
the aircraft. For aircraft without horizontal tails like the FB400, longitudinal equilibrium is given by:

Cm = Cm,, +Cn - (M)

=0 (10.5)
MAC

Where again x,. is equal to x,p. Note that the second term on the right hand side is negative for an aircraft with
positive static margin. In the above discussion it was described that the aft most centre of gravity is most important
in considering stability and static margins. For trimming the aircraft, however, the forward centre of gravity is more
constraining. With forward centre of gravity, the lift generated by the aircraft creates the largest pitch down moment.
Therefor, for both good stability and trimmed flight performance, it is important that the centre of gravity range is as
small as possible. Determination of the centre of gravity range has been described in Section 8.11.

To trim the aircraft, Cp,,, has to be changed by deflecting the elevators (or elevons in this case as they are also used
as ailerons). In sizing the elevators, it is important to consider the effect on aerodynamic efficiency in cruise flight of
elevator deflections. Preferably, the deflection of the elevators is limited such that aerodynamic efficiency is main-
tained and elevator hinge moments are limited. However, the moment arm of elevator surfaces is small for the FB400
which means that a larger deflection will be required as compared to conventional aircraft. For designing the eleva-
tors, however, it must be noted that take-off rotation is a constraining condition as the moment arm about the main
landing gear is even smaller and larger pitching moments must be generated. Elevator sizing and deflections for take-
off rotation have been described in Section 8.7. The elevator trim deflection has been estimated by using AVL for the
most forward centre of gravity resulting in an elevator deflection in normal cruise of —4.8deg, with the minus sign
indicating upwards deflection. The presented elevator deflection also accounts for the pitch down moment created
by the engine thrust. Note that for different velocities, different pitching moment (and required engine thrust) arise.
In Figure 10.2, the required elevator deflection is plotted as a function of flight speed.
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Figure 10.2: Elevator trim curve

10.2. LATERAL AND DIRECTIONAL STABILITY

In the previous section, longitudinal stability has been considered. In this section lateral and directional stability are
analysed. In analysing the asymmetric aircraft characteristics, the side force, rolling moment and yawing moment on
the aircraft are to be considered. In this section, the stability characteristics of the aircraft without control deflections
are analysed by considering the non-dimensional coefficients Cyﬁ,Cl 5 and C, 5
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SIDE FORCE

The side force that is induced on the aircraft in side slipping flight is described by the non-dimensional coefficient
Cy;- The aircraft vertical tails have a dominant contribution to this force coefficient. Furthermore, since the engines
are placed on the rear of the fuselage and have a significant diameter, they may have a non-negligible contribution
as well. Since the winglets on the wings are relatively high, they will contribute to Cy, as well. For static stability it is
required that the side force opposes the side-slipping motion. This implies that:

oC
Cy, = a_ﬁY <0 (10.6)

For the FB400, the winglets, vertical tails and engines are located behind the centre of gravity allowing for a negative
side-force coefficient.

EFFECTIVE DIHEDRAL

The derivative Cj;, or effective dihedral, is mainly influenced by the wing dihedral or the wing sweep. An increasing
wing dihedral causes a different geometric angle of attack between the left and right wing in side-slipping flight caus-
ing Cj; to be more negative. Swept wings also experience a difference in lift between the left and right half’s of the
wing causing Cj; to be more negative. It is desirable to have a negative effective dihedral or:

G, = 35 0 (10.7)

However, if the effective dihedral gets to low it might affect dutch roll characteristics. For the FB400 the dihedral angle
is mostly constrained by tip clearance in banked landing. The sweep angle is constrained by the requirement to fly at
high mach numbers. This might impose the need to design a yaw-damper system later on.

DIRECTIONAL STABILITY
The aircraft directional stability Cp is mostly determined by the vertical tail planes (and winglets). For stability it is
desirable to have a yawing moment that opposes the side-slip angle. This implies:

o,

Cnﬁ = 3B >

0 (10.8)

Since the vertical tails are located behind the centre of gravity, making the tails larger would increase Cy,. However, in
the design, the tails were sized based on the requirement to be able to fly in a one engine inoperative condition. The
desired positive directional stability was checked later on. The values for the described coefficients as obtained using
AVL for the FB400 can be found in Table 10.1.

Table 10.1: Lateral and directional stability characteristics.

Cy, G, Cn
Requirement | <0 <0 >0
Value -0.19 | -0.079 | 0.035

B

10.3. DYNAMIC STABILITY

MASS MOMENT OF INERTIA

In order to analyse the dynamic stability characteristics of the FB400, the mass moments of inertia have to be deter-
mined. At this stage of the design, only empirical estimates of component weights and locations have been made
which presents a large difficulty in obtaining accurate moment of inertia estimates.

In order to get a rough estimate of the aircraft moment of inertia, a method provided by [38] is applied. In the struc-
tural analysis discussed before, estimations for aircraft spar weight and skin weight have been made. Furthermore,
the location of the fuel tanks in the wings has been determined. The moment of inertia contribution of the structural
weight of the wing and fuselage is determined by dividing the body into several span-wise stations and five chord-wise
sections. The contribution of each section is then represented by a lumped mass. The distribution of lumped masses
can be seen in figure Figure 10.3.
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Figure 10.3: Distribution of lumped masses

The mass of each section is based on the fraction of skin and spar weight relative to total wing section mass as esti-
mated in the aircraft structural analysis. In the method provided by [38], the structural weight varies along the span to
account for the required thicker structures near the wing root. After the airframe weight components are estimated,
the fuel mass is estimated at each section based on the (span-wise) location of the fuel tanks and the relative vol-
ume of the chord-wise sections. After determining the masses, the moments of inertia are calculated and added. The
contributions of other components of the aircraft is estimated by modelling them as point masses. For the current
analysis, components such as the engines, vertical tails, main landing gear and nose landing gear are added. Because
of time constraints and the difficulty in determining accurate mass moment of inertia distribution of the passengers
and cargo, the moment of inertia of the plane in ‘ferry flight’ condition is only used here. If further analysis is to be
conducted, the contribution of passengers and cargo, as well as smaller operational items is to be added to obtain
better estimates.

The total mass moments of inertia estimates are presented in Table 10.2.

Table 10.2: Estimated mass moments of inertia.

Parameter | Value Unit

Iix 9.60-10° | kg-m?
Iy 35.8-10° | kg-m®
I, 45.1-10° | kg-m?
Iy, 0.65-10° | kg-m?

SYMMETRIC MOTIONS

After evaluating the static longitudinal stability of the aircraft, the dynamic stability can be analysed. Since the aircraft
is symmetric about the longitudinal axis, the symmetric and asymmetric equations of motion can be decoupled and
analysed separately.

The general linearized equation of motion for symmetric motion are derived in [39], for example, and are presented
below in Equation 10.9. The coefficients presented are obtained by simulating the aerodynamics in AVL. AVL can then
provide the coefficients in the form presented below. However, for further analysis, the matrix with it’s coefficients in
state-space form is used in order to directly analyse the eigenmotions in MATLAB.

Cx, —24cDe Cx, Cz, 0 /] —Cx;
Cz, Cz, +(Cz4 —2uc)De —C Cz,+2 a -C
. fo T T AT T Za e = | % | x5 (10.9)
0 0 -D¢ 1 0 0
Cm, Cing + Cmg De 0 Cmg—2uck3Dc| |%& Cing

For the aircraft to operate safely and be controllable by the pilots, it is important to define certain limits constraining
the dynamic motions of the aircraft. The limits on the dynamic motions of the aircraft in this project follow the guide-
lines set by US Military specification MIL-F-8785C [40]. For the symmetric motions, this particularly constraints the
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damping of the short period to be within certain limits (Table 10.4). When analysing the obtained state space matri-
ces, it becomes apparent that the short period damping of the aircraft already lies within required limits. The Phugoid
motions, which are also often referred to as long period motions, are normally oscillatory in nature. For the FB400,
however, they become aperiodic. A possible explanation for the result might be the fact that the centre of gravity of
the aircraft is so close to the neutral point, that C,, becomes very small. This might reduce the aircraft’s tendency to
produce a restoring pitching moment causing the oscillatory nature of the motion to reduce.

Table 10.3: PI controller gains.

Parameter | Value
Kp -0.97
K -0.98

In Figure 10.4, the Pole-Zero map of the symmetric motions is shown. As can be seen, one of the phugoid eigenvalues
is to the right of the imaginary axis. To have a stable system with enough short period damping, a PI controller is
introduced. The PI controller is used to reduce the pitch rate error, making the aircraft easier to control. The gains
are tuned using MATLAB and presented in Table 10.3. Corresponding damping and natural frequencies of the short
period motion are presented in Table 10.4.

Table 10.4: Short period damping characteristics.

Parameter | Open-loop system | Closed-loop system | Level 1 handling qualities
{sp 0.69 0.6 0.35< (s, <18
On,, 0.17 1.1 -
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Figure 10.4: Pole zero map of symmetric eigenmotions.

ASYMMETRIC MOTIONS
Ashas been explained in the previous section, the asymmetric motions can be analysed separately from the symmetric
motions. The general form of the equations of motion for the asymmetric motions where derived in [39], and are
presented in Equation 10.10.

Gy, +(Cyy —2p)Dp  Cr Cyp Cy, —4p B -Cy,, Gy,
—-D
0 =iy 1 0 0 0 5
P ) % ;’; = | ° (10.10)
Cgﬂ 0 Cgp —4up Ky Dy Cy, +4pupKxz.Dp v —Cgéa —Cgﬁr Or
Cuy +Cn; Dy 0  Cnp+4upKxzDy  Cn, —A4ppK2Dy b ~Cn;,  —Chny,

For the asymmetric motions, the dutch roll damping imposes the largest challenge in obtaining the required level 1
handling qualities. The required damping and natural frequencies for the dutch roll are stated in Table 10.5.

Just as for the symmetric motions, the stability derivatives for the asymmetric motions where calculated using AVL
and analysed in MATLAB. As can be seen in the Table 10.5, the damping of the short period has to be increased. To do



72

Table 10.5: Dutch roll damping characteristics.

Parameter | Open-loop system | Closed-loop system | Level 1 handling qualities
Car 0.05 0.3 0.08

Wny, 0.67rad/s 0.612rad/s 0.4rad/s

(dr - War 0.03rad/s 0.18rad/s 0.15rad/s

so, a simple proportional controller has been tuned using MATLAB. However, with only a proportional gain, the spiral
mode becomes over-stabilised. In practice this would mean that the pilots would have to constantly apply a side force
on the control stick in order to maintain a constant bank angle. This is usually not a comfortable way to fly the aircraft
and it is not as pilots are used to fly. To improve the control characteristics, a washout filter is applied. This allows
the dutch roll damping to be improved without over stabilising the spiral mode. The resulting gain for the closed loop
system is K = —2.23 (with a time constant for the washout filter of 5 seconds). In Figure 10.5, the pole-zero map for
the open-loop and closed-loop systems are compared. Note the effect of the washout filter on the closed-loop system
by a added zero at the origin.
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Figure 10.5: Pole zero map of asymmetric eigenmotions.
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OPERATIONS AND LOGISTICS

In this chapter, the operations and logistics of the FB400 are discussed. Starting off with the flight and ground opera-
tions in Section 11.1 and Section 11.2 respectively. Finally, the logistics flow diagram is shown in Section 11.3 and the
design logistics is explored in Section 11.4.

11.1. FLIGHT OPERATION

The main problem to be solved with this project is to alleviate airport congestion that is happening in major airport
hubs. Therefore, the main route the FB400 will operate at is across two major hubs that are already congested and
proven to have a high demand of daily passengers.

According to the report by OAG [41], the busiest aircraft routes in the world in 2019 can be found in Asia. For domestic
routes, the busiest route is from CJU-GMP (Jeju - Seoul Gimpo) with 80,000 annual flights and an average of 200 flights
per day. For the international routes, KUL-SIN (Kuala Lumpur - Singapore) is the busiest with 30,000 annual flights
and an average of 82 flights per day. Both of these routes are categorised as a short range route, however due to the
high demand, even a high capacity long haul aircraft is used by several operators.

FB400 is designed to have the capacity of a long haul aircraft with the efficiency of a short haul aircraft. Complying
with the requirement HCSR-OPR-006, 2 pilots and 8 cabin attendants will operate the aircraft. The 400 seat capacity is
comparable to a wide-body aircraft that is double the capacity of the current average of narrow-body aircraft. Since the
busiest domestic and international flight route is considered to be a short range, the FB400 will be able to outperform
the current narrow-body aircraft in terms of capacity and the current wide-body in terms of efficiency. So the operator
will be able to meet the demand while reducing its flight frequency. Thus, reducing the possibility of airport congestion
because fewer flights will take place each day.

11.2. GROUND OPERATION

Aside from its flights, another key factor for the aircraft operation is how well it operates on the ground. For the
customers, it is more profitable when their aircraft is flying and not on the ground. So a shorter ground operation is
preferable. The key performance indicators to be analysed of aircraft ground operations are the airport compatibility
and turnaround time.

11.2.1. AIRPORT COMPATIBILITY

It is important for the aircraft design to be compatible with the current airport facilities. The requirement of the design
is constrained by gate type V airport. Not only does it constrain the dimensions of the design, but it is also restricted to
the availability and layout of the ground servicing equipment. By being able to utilise the available facilities, significant
cost is cut from the operation cost.

At this point of the design phase, the accessibility of the airports used by the ground servicing equipment is not yet
known. To be able to analyse whether it is compatible with the current airport facilities, only the dimensions and
layout of the aircraft are taken into account. By comparing it to the current layout and dimensions of a similar gate
type V compatible aircraft, the span is already constrained to the gate specifications. The estimation of the ground
operation layout is shown in Figure 11.1.

As shown in Figure 11.1, all of the necessary ground service equipment to carryout the entire turnaround process is
compatible to the dimensions of the Blended Wing Body. It is to be noted however, that only the passenger doors
and the cargo doors are designed and implemented. The other access ports such as fuel inlet, water inlet and toilet
sewage are only estimated based on feasible locations as they are not yet designed. The fuel tank position is located
near the root of the wing, but the fuel inlet may have to be shifted further to the tip to fit the long chain of cargo
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Figure 11.1: Airport ground operation layout of the Blended Wing Body

trucks. Therefore, the requirement HCSR-OPR-014 regarding the compatibility of the design to gate V ground service
equipment is proven to be feasible.

According to Mike Sinnet, Boeing’s VP of Product Development and Future Airplane Development, one of the reasons
the Blended Wing Body is not in operation is due to the design being incompatible with the current airport facilities'.
Therefore it is important to constrain the design from the start to be compatible with the current airport facilities.
Thus, the implementation of the subsystems on later stages will take into account the accessibility of the equipment.
It is already analysed that based on the dimensions, it is feasible to utilise the available ground servicing equipment.

11.2.2. TURNAROUND TIME

The time taken for an aircraft to be on the ground in between flights is driven by the turnaround time. It is the time
measured from when the aircraft is parked and the chock is set, until the chock is removed and the aircraft is pushed
back. Throughout the turnaround time, several operations need to take place in coherency to prepare the aircraft for
its next flight. This process includes (de)boarding of passengers, servicing of galleys and cabin, refuelling, (un)loading
of cargo, and servicing of toilets and water. The turnaround time of the FB400 aircraft can be seen from Figure 11.2.

Based on Figure 11.2, the turnaround operation starts with the positioning of the passengers bridge or stairs and ends
with the push back of the aircraft. To estimate the turnaround time, the reference aircraft used are the Boeing 777-
300([42], the Boeing 737-900[43], and the Airbus A330-300[44]. Then, the following operations take place:

* Deboard Passengers: The time taken for the passengers to deboard the aircraft. Based on the reference aircraft
the deboarding time is found to be approximately 40% shorter compared to the boarding time. Because it is
assumed that the flow for deboarding is more organised compared to boarding.

* Service Cabin: The time taken to clean and prepare the cabin for the next flight. It is estimated by linearising
the capacity of reference aircraft to their cabin service time, as it is assumed that the time is proportional to the
number of seats.

* Service Galley: The time taken to service the galley with the required food/drinks and amenities. It is esti-
mated by comparing the amount of galley and passengers to the reference aircraft, so the proportionality can
be estimated.

* Board Passengers: The time taken to board the passengers. It is measured by developing a boarding simulator
based on the simulation tool developed by Timothy Tamm °. The tool is calibrated by verifying the simulation
to the real boarding time of the reference aircraft to compare the cabin layout of the Blended Wing Body.

IDon't look for commercial BWB airplane any time soon, says Boeing’s future airplanes head. Accessed January 2019. https:
//leehamnews.com/2018/04/03/
2Boarding-simulator by Timothy Tamm. Accessed December 2019. https://github.com/thctamm/Boarding-simulator
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Figure 11.2: Turnaround time Gantt chart of the Blended Wing Body aircraft 3,500 nmi range mission.

* Unload Compartment: The time taken to unload the cargo compartments. Since LD3 compartments are used,
the time taken to load or unload the compartment is assumed to be one minute for each similar to the estima-
tion of the 777.

* Load Compartment: Time taken to load the cargo compartments. It is estimated to be equal to the unloading
time, as the amount of cargo is assumed to be the same, which is 11 LD3-45.

 Fuel Aircraft: The time taken to (re)fuel the aircraft. To see the maximum fuelling time it is assumed to be filled
for the maximum 3500 nmi range from empty tank with 2 nozzles operating at 300 U.S. Gal per minute each.

* Service Toilets: Time taken to service the toilet sewage of the aircraft. It is linearised from the reference aircraft
data based on the total amount of toilet in the aircraft.

* Service Potable Water: Time taken to refill the potable water. It is found to be constant among reference aircraft
despite the varying capacity and size.

Some of the operations are restricted to take place together and everything needs to be in the logical order. For pas-
senger comfort, the cabin and galley services can only start when 75% of the passengers have left the cabin and it has
to end before the next passengers board. With the available time, it is possible to service the toilets and potable water
separately as this increases the hygiene factor of the operation, even though the ports are separate from each other.
For the fuelling, it was not allowed by regulations to refuel together with (de)boarding. However, with the increase in
reliability of the fuel system, the old regulation is neglected so the time can be optimised further.

Comparing the turnaround time of the FB400 to the reference aircraft with similar capacity or range, it is estimated
that the turnaround time of the FB400 is in between the current narrow-body and wide-body aircraft used for similar
range. Narrow-body aircraft, such as the 737, took an average of 40 minutes and wide-body aircraft, such as the 777,
took 60 minutes. Meanwhile, the Blended Wing Body able to complete the turnaround process in 45 minutes. The
driving factor of the turnaround time of the FB400 is the time it takes to service the cabin. Due to its high capacity, it
takes a significant amount of time to clean up the cabin based on the total number of seats available. The boarding
time of the FB400 is estimated to be approximately 28% faster than the current Boeing 777-300, due to the amount of
four aisles compared to the typical two aisle of the Boeing 777-300.

With the 45 minutes turnaround time, the FB400 aircraft has completed requirement HCSR-OPR-005. In which it is
required for the design to have a turnaround time of less than 1 hour and 45 minutes.

11.3. LOGISTIC FLOW DIAGRAMS

To outline the logistic flow of the FB400, the logistic flow diagram is given in Figure 11.3. However, it is to be noted
that the duration of each action is of different length.

In accordance to Figure 11.3, the entirety of the final report is a part of the design phase. Manufacturing comes after
the completion of the design and before the first prototype. Because before mass manufacturing and delivery to the
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Figure 11.3: Logistic flow diagram of the concept design.

customers, testing and certification needs to be done to ensure the safety and reliability of the design. Then, the
aircraft is sold and delivered to the customers, which are the airlines or aircraft leaser. In the hands of the customers,
the FB400 can operates along with the occasional maintenance, so the performance stays at its optimum level for an
extended period of time. Until the end of its lifespan, the FB400 is expected to be retired and recycled.

With the logistic flow diagram, the whole lifetime of the design can be anticipated and optimised accordingly. So to
have an optimal performance with recycleability in mind for the end.

11.4. DESIGN LOGISTICS

In order to operate the aircraft all over the world, the aircraft needs to be certified by both the European Aviation
Safety Agency (EASA) and the Federal Aviation Regulations (FAA). To certify the type of aircraft, the designers have to
demonstrate the compliance of the aircraft to the regulatory requirements by use of ground and flight testing.

According to Airbus®, the A380 and A350 XWB, took five and two years respectively to undergo the full extent of flight
testing and certification. This process includes the static structural test, flight test, and certification. The static struc-
tural test has the purpose of pushing the aircraft structure to its limit by using a simulation rig on the ground. The
flight test is designed to validate the simulation data of the actual design to undergo the limit of its flight operation,
such as flying in the extreme cold of the Antarctica to the extreme heat of the Persian gulf, operational performance in
failure scenarios or extreme conditions, etc. Then certification is done by the governing bodies such as the EASA and
the FAA, which includes the detailed design review, test review in the lab and test review in flight.

Structural testing consists of many different tests, most importantly flight test Installation calibration test, maximum
wing bending at limit load, ailerons and spoilers functioning test during maximum wing bending and a fuselage pres-
sure test. However, most hours spend in static testing is on fatigue tests. Fatigue testing of specimen and of complete
aircraft take a total duration of approximately 26 months [45]. The lifetime of the FB400 is 20 years and it is estimated
that it will depart 3 times a day. During testing, 54,750 flight cycles will be simulated, 2.5 times the amount of cycles
expected in its lifetime.

For the flight testing phase, 4 aircraft will be used, which is based on recommendations from Roskam [4]. Two of
these will be ‘heavy flight test aircraft’ with instrumentation, and will be used for basic technical development and
certification. These two together will test fly for 600hrs in 21 months. Additionally there will be 2 test aircraft with
cabin and lighter test instrumentation, which will fly for about 900hrs in 20 months. To demonstrate the guaranteed
performances in quasi-operational circumstances, the aircraft is subjected to a number of route proving tests [46]
after flight testing is completed. Certification is obtained after 21 months from the first test flight. In total, the total
flight testing and the commercial tour will take 2,500 flight hours over a time span of 32 months.

Looking at this process it is estimated for the FB400 to undergo 58 months of testing and certification. Even though
it is a new design, it is still close to the time taken to certify the A380. Looking at new ways of testing such as climate
laboratory and more capable computer simulations, the FB400 design may require shorter time than the estimated 58
months.

3airbus  Test Programme and Certification. Accessed January 2020. https://www.airbus.com/aircraft/
how-is-an-aircraft-built/test-programme-and-certification
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SUSTAINABILITY ANALYSIS

As far as this sustainability is concerned, an in-depth analysis will be conducted for each of the three main aspects as
described in Chapter 5. The SAR methodology will be described in Section 12.1. Subsequently, a detailed analysis in
the field of climate change will be conducted through Section 12.4. Atlast, a qualitative noise analysis will be carried
out in Section 12.5.

12.1. SPECIFIC AIR RANGE

From the perspective of sustainability, there is a necessity to reduce fuel consumption as much as possible. In order
to come up with the best possible fuel consumption estimation for the FB400 design, it is of importance to make
use of the specific air range (SAR) methodology [47]. SAR denotes the total distance (for the entire mission or for a
specific phase) that can be covered by a given aircraft per 1 kg of burned fuel. In the field of aviation, the SAR is usually
expressed as 1/SAR in terms of fuel consumption per 100 km flown distance per passenger. As mentioned before, the
main objective is to keep the fuel consumption (per passenger) as low as possible or the other way around to maximise
the SAR. The formula that describes the SAR analytically is shown in Equation 12.1.

VCI'

SAR =
cr-T

(12.1)

As the cruise phase is mostly dominant during flight in terms of fuel (especially in the case that 3,500nmi design
mission range is considered) needed and total distance needed to be covered, steady level flight conditions should
be applied. To be more specific, the drag generated by the aircraft during cruise is equal to the thrust produced by
engines. At the same time, the lift should equal the weight of the aircraft during cruise. By making use of these facts
and by substituting and rearranging the terms, Equation 12.1 can be rewritten in the following manner, as shown in

Equation 12.2.

1%
SAR = a (12.2)

2
WCI‘
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Often, however, the fuel economy is represented as 1/SAR and is often also divided by the number of passengers. That
will also be done in this analysis.

For this analysis a Python script was written which, first, allowed the cruise speed and altitude to vary. Later, specific
design points were chosen, based on maximum attainable altitude and speed due to limits in surface area and the
optimum design point in terms of SAR. For this analysis, the cruise weight has been taken as the average of the weight
at the end and at the beginning of cruise. The figure below, Figure 12.1 shows a plot of the specific air range versus
the Mach number. The different graphs correspond to different altitudes. From this graph, it can be seen that it is still
more optimal to fly higher and faster in terms of specific air range. However, as mentioned in Section 12.6, the design
point chosen is at an altitude of 11.5 km with a Mach number of 0.75 and this design point is also shown in the figure
below. The fuel economy that corresponds to this design point is 1.05 kg of fuel per 100km per passenger.

However, as the reference mission is 700 nmi, an analysis for this range should also be performed and a different
recommended altitude and Mach number can be chosen. The recommended altitude is again obtained by an iterative
process between optimum aerodynamic performance and specific air range. This results in an altitude of 10.9 km and
a Mach number of 0.75 with a specific air range of 1.06 kg fuel per 100 kilometres per passengers.

In order to find the sensitivity of this analysis towards certain parameters, a sensitivity analysis has been done. The
impact of changing the lift-to-drag ratio, surface area and average cruise weight can be seen in Table 12.1 below.

Furthermore, it is quite easy noticeable from Figure 12.1 that after a certain point in terms of Mach number M4, the
1/SAR curve drastically increases.It is very important to reflect on the phenomenon that causes this. A refined exam-
ination has proved that wave drag arises at subsonic speeds in the case that the flow accelerates locally to supersonic
speeds, and then eventually returns to subsonic speed through a shock wave [48]. This leads to the presence of wave
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Figure 12.1: Specific Air Range for varying Mach numbers at varying altitudes, including the design point

drag at transonic freestream speeds. The total zero lift drag coefficient will increase rapidly as result of the wave drag,
known as drag rise. [48] This analysis definitely needs to be taken into consideration in the design of wings and air-
foils. From Equation 12.3, it becomes clear that the so-called ‘ drag divergence mach number (M;4)’ depends on the
sweep (leading edge ) and thickness over chord ratio of the wing and a certain factor for the type of airfoil, which is
chosen ( supercritical or not ). This factor is denoted by k.

k t/ C
My = a c L

T cosA (cosM)? " (cosA)3 (12.3)

In addition, it is essential to indicate that given the complexity of the designed wing’s geometry, it was not easy to
calculate or deduce an effective drag-divergence mach number. Based on this, it was decided to split the wing into
parts, with the principle that the same airfoil should be integrated into span width direction.

Table 12.1: Sensitivity analysis for SAR

Changing parameter | Difference in 1/SAR (%)
L/D
10% lower 0.708 %
10% higher 0.567 %
S
10% lower 6.886 %
10% higher 6.442 %
Average cruise weight
10% lower 6.280 %
10% higher 6.510 %

From this table it can be concluded that the specific air range is most sensitive to surface area but the difference is still
lower than 10%.

12.2. VERIFICATION AND VALIDATION
In this section the Python script and the design will be verified and validated in terms of specific air range.

For the verification of the script, unit tests were performed and comparisons were made with hand-calculations and
excel sheets. Several mistakes were found this way and sequentially corrected. Examples of such mistakes are forget-
ting to convert degrees into radians, a typo in the standard atmosphere calculations and wrong importation of values
from another document. For validation of the script, the same script was used to calculate the specific air range of
an Airbus A320. The fuel economy of an A320 is 2.392 kg/100km/passenger. The result from the script was 2.333
kg/100km/passenger, which is a difference of 2.5%.

Comparing the SAR of the FB400 to the SAR of the A320 shows a large difference. This is due to the fact that they are
designed for different missions. When using the FB400 for the same mission as the A320, which is 2,700 nmi with 150
passengers at an altitude of 37,000 ft and Mach number of 0.78, the SAR of the FB400 is equal to 2.67 kg fuel per 100 km
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per passenger. The difference with the A320 is then 10.3% and the specific air range is now worse than for the A320.
This difference can be attributed to the fact that the aircraft is designed for more passengers and a longer range and
therefore has a larger operating empty weight and to the assumptions made in the process of calculating the specific
air range.

12.2.1. CONTOUR PLOT

The ultimate goal of this analysis is to display the optimum fuel consumption in a comprehensive ’Altitude vs Velocity
" plot. This point will be reached in the event that the aircraft, based on its design characteristics and geometry, flies
with a certain speed at a correlating altitude. The contour plots are depicting all the obtained SAR values from the in
detail conducted analysis as explained in Section 12.1. It must be remarked that each contour represents a 5% negative
change in the SAR plot (altitude versus speed correlation) with respect to the optimum fuel consumption. As can be
seen from Figure 12.2, the design point deviates 37% from the optimum. The reason for not flying at the optimum is
mentioned in Section 12.6.
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Figure 12.2: SAR contour plot for the FB400

12.3. THE COMBUSTION PROCESS

As can be seen in Figure 12.3, the production of emissions takes place by burning kerosine. As far as aviation is
concerned where the most used sort of fuel is Jet A -1. Jet A-1 is a fuel type, which is composed of a complex mixture of
hydrocarbons [49]. Due to the complexity of the aforementioned mixture, it is not possible to dissect the composition
of jet fuel. for the full 100%. However, we know from literature study that the most common chemical notation of
kerosene is Cy2 H24[50]. In the most ideal situation, a complete combustion of kerosene will take place. After the fuel
gets mixed with air (consists of nitrogen and oxygen as active substances) in the combustion chamber, the combustion
process will take place that will result in the forming of CO, H»0, N, and O, Figure 12.3.

In reality, as a result of incomplete combustion and contamination (and also inpurities) of kerosene, the engine will
form the so-called "by-products"[50]:

e CO * Soot
* UHC (unburned HydroCarbon) e NO,
e BC * SO,

A specific flight stage has a direct influence on the rate of the various emissions, because of the air-to-fuel ratio, tem-
perature and pressure differences at those stages [50]. In case of low temperatures and an incomplete combustion,
UHC and CO emissions are high at high temperatures.The emissions of soot and NO, become high in case of enlarged
fuel mixtures. In accordance to [50], emissions that directly result from kerosene combustion depend on the following
flight phases and the corresponding thrust setting of the enginesFigure 12.4:

* CO3 in proportion to the amount of kerosene

* H,0 in proportion to the amount of kerosene

* SOy in proportion to the amount of S in kerosene
* CO high with low thrust settings: taxi and idle

* UHC high with low thrust settings: taxi and idle
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Figure 12.3: The combustion process in a turbofan engine[50]

* NO, high at high thrust settings: take off and climb
* Soot high with high thrust settings: take off and climb
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Figure 12.4: Emission level versus thrust setting[50]

As can be seen and concluded from Table 12.2, the quantities of CO,,NO, and H,O ( that are formed as a result of the
combustion of 1 kg of kerosene) are many times larger compared to the other substances. From this point of view and
Figure 12.4, only the emissions of CO2,NO, and H,O are included in follow-up analyses.

Table 12.2: Various relevant substances with their corresponding emission index

Substances Emission Values
[g/kg combusted fuel]

CO» 3,155

H,0 1,240

NO, 4.32-23.11

SO, 0.6-1.17

CO 0.7-4.87

BC 0.025-0.032

Soot 0.01-0.2

UHC 0.1-0.6
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12.4. GLOBAL WARMING IMPACT

The Global Warming Potential(GWP) is a number that represents the relative contribution of gas toward global warm-
ing. It is now generally known that the contribution of aircraft to global warming is more than could have been initially
expected from their carbon dioxide(CO,) emissions alone. The foregoing has been scientifically proven [51], however,
there is a lack of appropriate GWP factors for relevant emissions. As a direct consequence of this, the calculation of
the CO, footprint (CF) or life cycle assessment (LCA) can not be carried out comprehensively. To approach this prob-
lem from a different angle, the relevant effects of aircraft emissions is discussed and elaborated in detail[52]'. The
foregoing approach is based on calculating the global warming potential that is directly related to aircraft services, by
multiplying a specific radiative-forcing-index (RFI) factor with the direct CO, emissions of a specific aircraft. The RFI
(equal to the total aviation RF divided by the aviation CO, RF) can range from 1 up to 2.7 [51]. In cases that emissions
are exclusively considered in the higher atmosphere, then RFI factors ranging from 1 to 8.5 are recommended to use.
It is highly recommended to consider an RFI factor that is equal to 2 on total aircraft CO, emissions, as this value is
based on detailed analysed interpretations of recent scientific publications [53].

It is a fact that aviation emissions contribute to the RF of climate. In this regard, the important emissions to consider
are COy, nitrogen oxides (NO,), H>O aerosols and their "forerunners" (soot and sulphate), magnified cloudiness in the
shape of continued linear contrails and induced-cirrus cloudiness. It is worth mentioning that the aforementioned
GWP is in most cases expressed in the unit of a kilogram of carbon dioxide equivalents per functional unit (kg CO,-
eq). GWP factors are directly taken from the Intergovernmental Panel on Climate Change (IPCC). These so-called
characterisation factors enable the assessment of the relative impact of the foregoing greenhouse gases in regard to
the climate change problem. By the implementation of these characterisation factors, the calculation of the GWP
for each relevant (greenhouse) gas with a 100-year time horizon can be made in terms of equivalent emissions of
CO; as mentioned before. From this given fact, it can be deduced that the value of the CO, GWP factor is equal to
1. However, the application of GWP is not that easy as it contains sorts of flaws that make its use difficult regarding
aircraft emissions. To set an example, impacts such as contrails could be not directly related to emissions of specific
greenhouse gas. In addition, indirect RF from ozone produced by NO, emissions can not be automatically derived
from a given amount of NOy; there is no linear relationship, due to the fact that conditions as season and location
(due to the nonlinear chemistry) are of influential as well [51]. Profound analysing of relevant literature studies [51]
has shown that is of more pragmatic use to have a close look at the most recent historical display of RF [W/m?] in
order to compute changes in the atmosphere as a direct result of greenhouse emissions and aerosols. This historical
display of RF is depicted in figure Figure 12.5 below.
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Figure 12.5: Radiative forcing components from global aviation as evaluated from preindustrial times until 2005[51]
The RF components, directly caused by aviation and as can be analysed from Figure 12.5, are as follows:

* Emission of COy,(positive RF).

1 Aviation and Climate Change: A Scientific Perspective. Accessed December 2019. http://e-space.mmu.ac.uk/618290/1/
Fahey$7%$20and$%$20Lee$’,$20CCLR$%$202016 . pdf
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* Emission of NO, (positive RF). This term is the sum of three component terms: production of troposphere O3
(positive RF);a longer-term reduction in ambient methane (CH,4) (negative RF), and a further longer-term small
decrease in O3z (negative RF).

* Emissions of H»O (positive RF).

* Formation of persistent linear contrails (positive RF).

* Aviation-induced cloudiness (AIC; potentially a positive RF).

* Emission of sulphate particles (negative RF).

* Emission of soot particles (positive RF).

12.4.1. IMPACT OF CONTRAILS AND NITROGEN OXIDES ON CLIMATE

The potential of anthropogenic activities directly caused by the use of an aircraft can not be accurately calculated or
estimated. But it is essential to look at relevant conditions with major impact on global warming that can be influenced
to reduce the impact on global warming by an aircraft. As can be concluded from [53], the biggest fraction of aviation’s
emissions is injected in the atmosphere at cruise altitudes ranging from 8 to 12 km. In studies performed by [53],
the impact of change in cruise altitudes on the coverage of contrail and the corresponding RF is explored. It is found
that reduction of cruise altitude by 2,000 feet at a time, the global contrail coverage ( on annual basis ) can be linearly
decreased with respect to the cruise altitude. A maximum decrease of approximately 45% is realised based on a cruise
altitude that is 6,000 ft lower compared to standard flight cruise altitudes. On the other hand [53], it is concluded
that the global contrail coverage ( on annual basis ) by flying at higher altitudes (2,000 ft), compared to the standard
flight cruise altitude, results in a relative increase of about 6%. The effects that changes in cruise altitude have on
total concentration and distribution of other relevant aircraft emissions, such as NO, (and its impact on O3 and CHy)
and CO; are explored within a certain trade-off project [54]. Paramount to know is that cruising at a relatively higher
altitude of 2,000 feet increases [55] the total RF due to aircraft NO, emissions by 2 + 1 mW/ m?2, while cruising at a
relatively lower altitude of 2,000 feet reduces RF by 2 + 1 mW/m?. As one can immediately notice, it is very difficult
to come up with optimum fuel consumption and at the same time the most ideal cruising altitude. Nowadays, global
mean radiative forcing of short-lived species (such as O3) and CHy is reduced in case the cruise altitude decreases,
whereas that of CO, increases as explained before (due to the fact that the fuel consumption rate increases in case the
altitude decreases). In short, the RF value drops in the case that the cruising height is relatively lower and vice versa.

12.4.2. GWP RELATIVE TO CARBON DIOXIDE

As described in detail Section 12.4, there is alack of accurate GWP factors for aviation-related emissions. However, it is
still highly recommended to quantify the impact of all greenhouse gases (as a result of the combustion process of fuel
burning) on the climate change. In this regard, it is legitimate to make use of GWP factors from IPCC, considering a
100 year time horizon, in order to express GWP in terms of equivalent emissions of carbon dioxide CO; [56]. From this
point of view, the quantities of all greenhouse gases (GHG) that will be emitted in the atmosphere, as a direct result of
the amount of fuel that will be burned by the FB400 considering its design characteristics , must be multiplied by their
assigned GWP factor to obtain the equivalent of carbon dioxide [56]. The aforementioned quantities can be deduced
from the chemical reaction that takes place when 1 kg of kerosene is burned Section 12.3. For a clear overview, all the
relevant GHG’s and their corresponding GWP factors are shown in Table 12.3.

Table 12.3: The equivalent weight in CO2-eq per 1 kg emission at each altitude

GWP factor
hm] [kg eq-CO2/kg emission] COz | Ho0 | NO,
8,000 - 1 0.2 77
9,000 - 1 0.2 77
10,000 | - 1 0.2 77
11,000 | - 1 0.2 77
12,000 | - 1 0.2 77
13,000 | - 1 0.2 77
14,000 | - 1 0.2 77

In Table 12.4, the emission weight of each different gas is expressed per kg CO;.

As can be drawn from Table 12.5, the impact of the FB400 on climate change is analysed at each specific alitude by
converting the weight of the specific emissions in eq-CO; kg per netto CO; kg.As can be immediately noticed, it seems
that the impact on climate change is the lowest ( and thus the best ) at higher altitude. This decision is very wrong
as it is widely known that the lower an aircraft flies, the more beneficial it is from a global warming perspective. The
method of GWP is not appropriate as this methodology is based on a global warming average of the greenhouse gases
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Table 12.4: Emissions relative to CO2 at each altitude

Emissions relative to CO,
him) [kg emission/kg CO5] €02 | H20 NOx
8,000 - 1 0.393 | 0.00605
9,000 - 1 0.393 | 0.00589
10,000 | - 1 0.393 | 0.00572
11,000 | - 1 0.393 | 0.00556
12,000 | - 1 0.393 | 0.00513
13,000 | - 1 0.393 | 0.00474
14,000 | - 1 0.393 | 0.00437

over a timespan of 100 years and not the netto effect that the emissions of each greenhosue gas respectively have at a
specific altitude.

Table 12.5: Emissions weight expressed in eq-CO3 relative to CO> at each altitude

h(m) CO; weight in H,O weight in NO, weight in Total weight fraction in

[eq-CO2 kg/kg CO2] | [CO2 kg/kg CO2] | [eq-CO2 kg/kg CO,] [eq-CO- kg/kg CO,]
8,000 1 0.0786 0.4658 1.5444
9,000 1 0.0786 0.4537 1.5322
10,000 | 1 0.0786 0.4408 1.5194
11,000 | 1 0.0786 0.4280 1.5066
12,000 | 1 0.0786 0.3953 1.4739
13,000 | 1 0.0786 0.3648 1.4434
14,000 | 1 0.0786 0.3366 1.4153

12.4.3. EINO,

As can be concluded from taking a proper look at Figure 12.5, it becomes quite straightforward that the impact of NO
on the total radiative forcing due to aviation is significantly large.The emission of NOy is per definition not the direct
result of the chemical reaction that takes place as kerosene gets burned. Actually, NO, is a by-product of complete
combustion and a product of fuel purities. From thorough studies, it is known that the higher the altitude the lower
the NO, emissions become [57]. Digging a bit deeper in literature studies, it is found out that the emission index
of oxides of nitrogen (EINO,) depends on the engine characteristics [58]. To be more specific, the thrust settings of
the engine, the pressure and temperature at the inlet and outlet of the combustor. Of course, the atmospheric layers
that become thinner as the altitude increases, play a pivotal role. In ?, there are certain methodologies described in
order to compute the EINOy at certain altitudes taking the design characteristics of the chosen engines into account.
Engine emission information can be retrieved from the ICAO emission databank °. For this particular analysis, it is
chosen to look at the performance of the engines for a 3,500 nm flight mission. In this regard, the cruise stage is by
far the most demanding throughout the entire flight. As an aircraft usually flies during cruise with a thrust setting
that is approximately 80% of its maximum thrust, it is chosen to take the reference ( at sea level ) EINO, equal to
the EINO, corresponding to the climb-out phase. The formula, which is used to calculate the emissions of NO, at
different altitudes is given by Equation 12.4.

1.02 1/2
Tamb Pamb
EINOy = REINOy-e"- (222 .9, = —2mb .5 . = _—amb 12.4
X X (egflb )i0amb = g5 0amb = 1701352 (12.4)

In order to compute the humidity level 4t a given altitude,Equation 12.5 should be considered: Equation 12.4.

H=-19.0-(w—0.006341) (12.5)

In order to take a deep look at how the different parameters that Equation 12.4 is composed of should be calculated,
Equation 12.6 can be assessed:
Py =0.0689475728-0.014504 - 10P (12.6)

2Scheduled Civil Aircraft Emission Inventories for 1992. Accessed on april 1996. https://ntrs.nasa.gov/search.jsp?R=
19960038445

3ICAO Aircraft Engine Emissions Databank. Accessed on september 2019. https://www.easa.europa.eu/easa-and-you/
environment/icao-aircraft-engine-emissions-databank
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In order to compute the specific humidity level at a given altitude,Equation 12.7 should be considered:

_ 062198 )P, a2
Pamp — () Py ‘

In order to take a deep look at how the different parameters that Equation 12.7 is composed of should be calculated,
Equation 12.8 can be assessed:

P, =0.0689475728-0.014504 - 10 (12.8)
373.16 373.16 Tam
B =7.90298(1 — ) +3.00571 + (5.02808) log(1 + ) +(1.3816-1077)[1 — 1011344 (- 5815) | 4
amb Tamb (12.9)

(1_373.16
3.49149-(1 Tamb) -1

(8.1328-1073)[10

The computed values, by making use of the method described above, for the EINO, are depicted in Table 12.6.

Table 12.6: EIN Oy at different altitudes

h(m) EINOx EINOg discrepancy
g/kgmethod 1 | g/kgmethod2 | %

8,000 | 19.09 19.20 0.59

9,000 | 18.59 18.71 0.65

10,000 | 18.06 18.21 0.83

11,000 | 17.54 17.70 0.90

12,000 | 16.20 17.69 9.18

13,000 | 14.95 17.68 18.29
14,000 | 13.79 17.68 28.16

12.4.4. VERIFICATION OF THE METHOD

In order to verify the method ( been referred to in Table 12.6 as method 2 ) that has been worked out in Subsec-
tion 12.4.3, the NO, emissions (corresponding to the different analysed altitudes) have been re-calculated and dis-
played in Table 12.6. The final results in terms of the deviation between the applied methods are as well displayed in
Table 12.6. On average, the deviation is 8.37%. The alternative proposed method ( or method 2 to be consistent ) * is
described in Equation 12.10

EINO, = REINOy - Ogmp - €XP (12.10)

12.4.5. RADIATIVE FORCING

The metric radiative forcing is the most appropriate metric for global warming impact at a certain altitude based on
a given flight mission. In order to come up with the best possible assessment, parameters such as wind, altitude and
longitude should be taken into consideration. One of the well-known and best assessment tools is AirClim. However,
it is not easy to implement this given software tool in the case no proper training program is followed. From this
perspective, thorough literature studies have been done in order to find proper, reliable and representative radiative
forcing values. As far as water vapour and CO, are concerned, these are two direct chemical reaction substances that
get produced as a result of fuel combustion[59]. The effect of CO, on global climate in terms of radiative forcing is
at each altitude exactly the same. However, this principle is not valid with respect to water vapour. The principle is
to calculate the required amount of fuel based on the fuel consumption-analysis that has been conducted through
Section 12.1 Figure 12.6. By interpolating and making simple straightforward calculations, the radiative forcing for
each relevant substance can be computed at any given altitude [59]. By quantifying the contribution of each separate
gas in terms of radiative forcing and summing up, the total radiative forcing at a given altitude can be estimated for
the designed FB400.

Based on the extensive analysis data in Subsection 12.4.3 and the required fuel weight to complete a mission Sec-
tion 12.1, the amount of NO, emitted can be calculated. By making simple calculations, the radiative forcing can be
calculated separately for all NO, - correlating substances Figure 12.7.

4Scheduled Civil Aircraft Emission Inventories for 1992. Accessed on april 1996. https://ntrs.nasa.gov/search.jsp?R=
19960038445
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Figure 12.6: Radiative forcing in [mW/m? Tg burned fuel] to compute for water vapour and CO
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Figure 12.7: Radiative forcing in [mW/m? per Tg emitted NOy] to compute for ozone and methane in terms of NO emissions
In Figure 12.8, the various perturbation layers with their corresponding altitude and ambient pressure are displayed.

These perturbatation layers are of undisputed importance in order to perform the interpolation correctly in Fig-
ure 12.7 and Figure 12.6.

PL | Hohe[km] | Druck [hPa]
16 | 14.2-14.8 125-137
15| 13.6-14.2 137-151
14 | 13.0-13.6 151-165
13 | 12.4-13.0 165-182
12 | 11.7-124 182-203
11| 11.1-11.7 203-223
10 | 10.5-11.1 223-245
9 9.9-10.5 245-269

8 9.399 269-295
7 8.793 295-321
6 8.1-8.7 321-351
5 7.5-8.1 351-383
4 6.9-7.5 383-417
3 6.3-6.9 417-453
2 5.6-6.3 453-498
1 5.0-5.6 498-540

Figure 12.8: Perturbation layers related to their corresponding ambient pressure at different altitudes

In Figure 12.9, the plot of the total radiative force at a certain altitude can be observed, which is obtained from Ta-
ble 12.7. In the plot, there are two coordinate-points depicted, which correspond to the 700 and the 3,500 nm mis-
sions. Compared to the lowest ( and thus the best ) total radiative forcing impact at 8,000 m altitude, the impact of a
700 nm flight mission of the FB400 will be 289.3% worse. In the case that a 3,500 nm flight mission is carried out, the
impact of the greenhouse emissions will be 319.6% worse compared to a flight mission at an altitude of 8,000 m.
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Table 12.7: Radiative forcing in [mW/m?] at varying altitudes

h [m] Fuel consumption | RFNO, RFH,0 RF CO, Total RF
[kg] [mW/m?] | [mW/m?] | [(mW/m?] | [mW/m?]
8,000 | 3.71-10% -6.66:107° | 9.28-107% | 1.58-107% | -4.92-107°
9,000 | 3.41-10% 0 1.70-1077 | 1.45-107% | 1.62:107°
10,000 | 3.16-10% 4.28-107% | 3.16-1077 | 1.34-107% | 5.94-107°
11,000 | 2.98-10% 7.83-107° | 5.95.1077 | 1.26-107° | 9.69-107°
12,000 | 2.81-10% 9.56-10°% | 1.15-107% | 1.19-107% | 1.19-107°
13,000 | 2.72-10% 1.10-10™° | 1.96-107% | 1.16:107% | 1.41-107°
14,000 | 2.69-10* 1.41-107° | 4.44-107% | 1.14-107% | 1.97-107°
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Figure 12.9: The Total RF in [mW/ mz] at various altitudes

12.4.6. COMPARISON BETWEEN FB400 AND THE B777-300ER

In order to assess the performance of the FB400 regarding its own design- and flight mission characteristics, a com-
parison with the B777-300ER has been made. The purpose of this assessment is to determine how the FB400 performs
in terms of NO, and CO, compared to a reference aircraft that can be regarded as state of the art. The data required to
make this comparison were obtained from [60] and are based on the CX289 Hong Kong - Frankfurt flight (9,166 km).
This straightforward analysis has shown that the CO, per passenger and per 100 km of the FB400 is almost 70% better
than the B777-300ER. In terms of NO, per passenger and per 100 km, the FB400 performs approximately 83% better
than the B777-300ER Table 12.8.

Table 12.8: Comparison between the FB400 and the B777-300ER

Total
Total burned fuel | Fuel per Pax and | CO, per Pax NO, per Pax czvired distance Amount of
[kgl per 100 km and per 100 km | and per 100 km (km] seats
FB400 28843 1.1124 3.51 0.0186 6482 400
B777-300ER | 113750 3.65 11.52 0.110 9,166 340

12.5. NOISE ANALYSIS

According to requirement HCSR-NF-SUS-002, the external noise level of the aircraft shall comply with the ICAO chap-
ter 4 standards. Since at this early stage of the design it is very hard to assess noise into details, the noise analysis is
performed in a qualitative manner, by comparing the geometry of the Boeing 787 and the FB400, since the Boeing 787
has the same engines and the engines are one of the components that contributes the most to the noise emissions of
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an aircraft.

The requirement for noise of new aircraft states that the noise level of the aircraft shall be stage 3 or higher. The
Boeing 787-8 has a stage 4 noise level, which means it complies to the noise requirement for new aircraft. However,
its geometry is different from the geometry of the FB400, which would change the noise levels. Table 12.9 compares
the geometry causing noise emissions and gives an evaluation if the noise level of FB400 is lower, higher or the same
as the noise level of Boeing 787.

Table 12.9: Comparative noise analysis

Parameter Boeing 787 BWB Noise Level
Placed on top of fuselage
Engines Placed under the wings, between vertical tails, Lower
GEnx-1B70 with chevrons on the fan gondel | GEnx-1B70 with chevrons on the fan
gondel and gas generator gondel
Flaps Inboard and outboard flap increasing drag No flaps Lower
Slats Along the entire wing span (54.2 m) Along the entire wing span (40.9 m) Lower
. 2 nose wheels, 8 main wheels 2 nose wheels, 8 main wheels .
Landing gears Lo . Higher
retracting sideways retracting to the front and then upwards
Horizontal tail 270.4 m? horizontal tail No horizontal tail Lower
Vertical tail 1 vertical tail with area 97.6 m? 2 vertical tails with total area 33.8 m? Lower
Winglets Small winglets reducing drag Winglets with total area 7.9 m? Higher
Approach speed | 145 kts 145 kts Same

Components such as high lift devices, engines and landing gears are taken into account due to most interference
with free stream flow, which causes more drag and thus more external noise. As can be seen in Table 12.9, most of
the components of the geometry of the FB 400 are better in terms of noise. For example the engines placed on top
of the fuselage are beneficial for noise because the fuselage acts as a shield from the engine noise and reflects the
noise upwards. This affects positively the take-off noise levels. Furthermore, the engines are placed between the two
vertical tails which further shields the noise and reflects it upwards. The aircraft does not have flaps, therefore no noise
is produced due to flap extension in take off and landing. However, slats are going to increase the noise produced by
the aircraft. Compared to the slats of a Boeing 787-8, the FB 400 has a smaller wing span, thus less slat area, which
results in lower noise. The vertical tails are two in this aircraft but they are a lot smaller than the vertical tail of the
Boeing 787-8 and they also shield the noise from the engines. The winglets of the FB400 are larger and at a larger
angle and although they reduce the total drag of the wing, their area is larger compared to the small winglets of Boeing
787-8. The approach speed for both aircraft is the same, thus no difference in the noise level due to approach speed is
present.

From the comparison it can be concluded that the airframe and engines produce less noise than the Boeing 787-8,
which means that the FB 400 has a noise stage 4 or higher and complies with the requirement set by ICAO. However,
note that this is a very initial estimate of the noise characteristics and until the first flying model is produced and
analysed, noise analysis cannot be calculated because statistical relations for noise of Blended Wing Bodies are not
common in literature.

12.6. DESIGN ALTITUDE AND MACH NUMBER

In order to design an aircraft, it should be known for what altitude and Mach number the aircraft shall be designed.
As it is an objective to lower the direct operating cost, it is required to fly at an altitude and Mach number with the
lowest fuel economy. This fuel economy is calculated by using the method of the Specific Air Range, as described in
Section 12.1. The SAR is optimum at an altitude of 17.5 km and a Mach number 0.90. However, at higher altitudes,
radiative forcing gets a lot worse. Furthermore, when decompression occurs at such high altitudes, it takes longer to
reach a safe altitude for passengers to breathe. On top of this, the performance parameter is optimum at an altitude of
12 km, as mentioned in Section 9.4. After several iterations were performed, it was chosen to fly at an altitude of 11.5
km. The accompanying optimum airspeed, according to the optimum SAR at that altitude, is Mach 0.75. As airspeed
does not influence the radiative forcing, it is chosen to stick to this optimum Mach number. At this altitude and Mach
number, the SAR is 37% higher than the optimum and radiative forcing is 320% worse than it would be if it was flying at
an altitude of 8 km. For the 700 nmi mission it is chosen to cruise at a little lower altitude as it takes a relative large part
of the flight time to climb to higher altitudes. The chosen cruise altitude is 10.9 km with an optimum Mach number
of 0.75.
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AIRCRAFT SYSTEM CHARACTERISTICS

In this chapter, the characteristics of the FB400’s most important systems are described. Furthermore, the systems
interfaces are presented, supported by block diagrams of the different systems, including hardware and software in-
terfaces.

13.1. FLIGHT CONTROL SYSTEM

The aircraft shall be controllable around all axes, which is regulated by the primary control of the aircraft. For pitch
control, this aircraft has elevators mounted to the trailing edge of the fuselage section and to the trailing edge of the
wings, as already mentioned in Subsection 8.7.2. The most outboard part of the elevators on the wings is elevons.
These are ailerons and elevators combined in one to also control roll, as discussed in Subsection 8.7.1. The yaw
control is performed by rudders, located on the vertical tails, as sized in Subsection 8.7.3.

Secondary control systems improve performance characteristics. In order to increase take-off, landing and stall speed
performance, the aircraft slats are designed on the leading edge of the wings. Slats increase the surface area of the
wing and therefore increase the lift-curve slope. They also lower the leading edge of the wing, thus increasing the
curvature, which gives a combined maximum lift coefficient of 1.05, as seen in Section 8.8. They are located at 15% of
the chord of the wing section and run along the entire span of that same section.

The lay-out of the control surfaces can be seen in Figure 13.1.

Figure 13.1: Control surface lay-out

Furthermore, as mentioned in the previous report, [2], the control system is a fly-by-light control system. Input com-
mand signals are sent to the actuators as electric signals and are converted into optical signals. Then, they are sent
through a medium of optical-fibre lines and received by optical sensors. The feedback from the control surfaces and
other systems is routed similarly. The flight computer then provides data for the movement of the aircraft control
surfaces through these cables.

The actuation of the control surfaces is done by hydraulically pressurised actuators. The primary control surfaces also
have counterbalancing hydraulic actuators which ensures that the control surface goes back to its trimmed position
after a disturbance torque.

89
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Finally, the aircraft is equipped with an autopilot system. The interaction between the pilots or autopilot and the
control system and control surfaces is shown in Subsection 13.11.4 in Subsection 13.11.4.

13.2. FUEL SYSTEM

The fuel system of the aircraft consists of the following parts: a fuel pump, fuel control, fuel nozzles, a fuel filter, heat
exchangers, drains, fuel valves and fuel tanks [61]. To deliver the fuel, the fuel pump has two stages, a low pressure
and a high-pressure stage. During the low-pressure stage, the fuel pressure is increased, after which it passes through
the fuel filters. Then it continues to the high-pressure stage. Here the fuel is pressurised until above the combustion
pressure. The fuel control measures the amount of fuel required by the engine and regulates that only that amount
is let through to the fuel nozzle. The fuel flow to the fuel nozzle is measured by a fuel flow meter and is controlled
electronically. Fuel nozzles are located in the combustion section of the engine. Additionally, fuel filters clean debris
out of the fuel. In the heat exchangers, fuel is being heated and oil is being cooled. The drain should be able to remove
all fuel from the aircraft. It has to be easily accessible and have a closed locking position [62]. Fuel valves allow for
closing off the fuel supply to one of the engines. The fuel is held by two fuel tanks, located in section two on each side
of the wing. They each have a volume of 33.0 m3. A schematic lay-out of the fuel system of the FB400 can be seen in
Figure 13.2.
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Figure 13.2: Fuel system lay-out

13.3. POWER PLANT

As discussed in the previous report, [2], the aircraft shall be a more electric aircraft. This means that most of the
power generated by the aircraft engines is electrical power. As the aircraft has an entry into service by 2029, thus it
is not possible within that time frame to design a new engine. Therefore, an existing engine has been chosen. At the
moment, the GEnx is the most electric engine. This engine is being used by the Boeing 787 and 747-8. There are
several different models. By comparing the existing models with the thrust required, as also done in Section 8.4, the
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GEnx-1B70 is chosen. Below, a table is shown in Table 13.1 with some specifications of this enginel .

Table 13.1: GEnx specifications

Take-off thrust [kN] 156.9
Bypass ratio at take-off [-] 9.3
Bypass ratio at top-of-climb [-] 8.8
Overall pressure ratio at take-off [-] 43.8
Overall pressure ratio at top-of-climb [-] 53.3

Air mass flow [kg/s] 1160.7
Fan diameter [m] 2.822
Base engine length [m] 4.691
Number of fan compressor stages 1
Number of booster compressor stages 4
Number of high pressure compressor stages | 10
Number of high pressure turbine stages 2
Number of low pressure turbine stages 7
Combustor type SAC/TAPS
Type of control FADEC III
Type of bearings 2B+4R

This engine contains 18 carbon-fibre composite fan blades and a carbon-fibre composite fan case. The 6™ and 7" low-
pressure turbine stages have titanium aluminide blades. The engine nacelles also have chevrons in to further reduce
engine drag and noise. All this ensures a lighter, quieter, more durable and more efficient engine. Moreover, the
removal of the engines pneumatic bleed system reduces the number of parts and thus greatly simplifies assembly and
maintenance. To compare, a figure showing both the no-bleed engine and the traditional bleed engine is displayed in
Figure 13.3.

Figure 13.3: No-bleed engine (left) and bleed engine (right) [63]

Furthermore, the engines are provided with thrust reversers which are hydraulically actuated and the thrust is con-
trollable by the autopilot system.

The engines are located on the back of the fuselage with enough clearance between each other and other significant
parts, in case a turbine disc bursts. To account for fan discs bursting, the lining of the engine is covered with Kevlar.
Due to the fact that the engines are located on top of the fuselage, maintenance involving removal of an engine re-
quires a crane.

13.4. AUXILIARY POWER UNIT

The all electric auxiliary power unit that corresponds to the GEnx engine is the APS5000 APU by Pratt & Whitney. Itis a
single shaft, variable speed gas turbine and can deliver 450 kVA at sea level. A battery or GPU is used to start the APU,
which in turn can be used to start the engines. Furthermore, it provides electricity to the aircraft when the engines are
shut off. For redundancy and optimum performance, there are two generators on both the APU and the engines. The
aircraft also has a ground power unit receptor.

IThe GEnx Commercial Aircraft Engine. Accessed January 2020. https://www.geaviation.com/commercial/engines/
genx—-engine


https://www.geaviation.com/commercial/engines/genx-engine
https://www.geaviation.com/commercial/engines/genx-engine

92

13.5. ELECTRICAL SYSTEM

The electrical power is generated by the engine gearbox and the APU. There are two generators per engine and two per
APU. As it has the same engines and APU as the Boeing 787, this aircraft is taken as a reference. This electrical system
can run at variable frequencies which allows for optimisation of the electricity use. The electrical system can provide
235 and 115 volts alternating current and 28 and 270 volts direct current. The latter is obtained by converting 235 VAC
to 270 VDC, which is done by four auto-transformer-rectifier-units. This 270 VDC is used for cabin pressurisation,
fuel-tank inserting and large hydraulic pumps. Furthermore, the electrical system has two electrical/electronics bays
that condition the power and distribute it to other systems. One bay supplies the 235 VAC and the other supplies
the 115 VAC or 28 VDC. The cockpit contains multi-functional LCD displays. There are four Control Display Units
horizontally mounted on the flight deck and one on the flight stand. The CDU keeps track of navigation, control
motions and thrust commands. Furthermore, it contains an integrated surveillance system which helps with weather
and traffic alerts and also contains a collision avoidance system. It also contains two Dual head-up displays which
allow for the pilots to look outside while simultaneously being able to see the most important flight instruments on
their glass window. The aircraft administration is done by dual electronic flight bags. An overview of the electrical
system is given in Subsection 13.11.3.

13.6. HYDRAULIC SYSTEM

The hydraulic system is used for operating actuators. A conventional hydraulic system is used for the primary flight
controls, landing gear, thrust reversers and slats actuation and it is used for nose gear steering. This hydraulic system is
split up into two separate parts, one connected to the left engine and one connected to the right engine. The hydraulic
fluid is pressurised by hydraulic pumps, which are in turn powered by the engines. For other actuators that require
less hydraulic pressure, electric motors are used to pressurise the hydraulic fluid. These can deliver 113.6 L per minute
at a pressure of 34.5 MPa [63] and get their electricity from the electronics bays. A schematic overview of the hydraulic
system is shown in Figure 13.4.
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Figure 13.4: Hydraulic system lay-out

13.7. ENVIRONMENTAL CONTROL SYSTEM

Cabin pressurisation is obtained by electric driven compressors. As mentioned before, the electrical system can run
on variable frequencies and therefore, the pressurisation compressor can run at its optimum speed. The temperature
of the air is regulated by low-pressure air-conditioning packs. The air runs into the cabin through special cabin air
inlets. These inlets are located on the leading edge of section two. The way that the ECS is powered is also displayed
in Subsection 13.11.3.

13.8. WATER AND SEWAGE SYSTEM

The water and sewage system use similar system to the 787, which are the vacuum waste system and unpressurised
potable water tank. Even though the capacity of the 787 is not comparable to the FB400, the tank volume required for
both subsystems are comparable to the 777 which has relatively similar capacity to the FB400 [64]. Therefore, a tank
volume of 2,600 L for waste and 1,000 L for potable water are implemented to the Blended Wing Body aircraft. Both fuel
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tanks are located behind the cargo hold. This is chosen due to the fact that this system is relatively heavy and should
therefore be placed close to the centre of gravity to minimise the shift during a flight. Since the 787 is currently already
operating, that means compatible trucks are available for service in airports worldwide. With the specification of the
sewage system, it can be confirmed that the waste stowage on board is segregated. Thus, it complies with requirement
HCSR-NF-SUS-001.

13.9. ANTI-ICE WING

Engine inlet de-icing is still done with bleed air but the anti-icing of the wing is now also electrically regulated. The
leading edge slats contain electro-thermal heating blankets. Their temperature can be regulated precisely, which is
more efficient than using bleed air.

13.10. FIRE PROTECTION SYSTEM

Of course, a fire on an aircraft could be a serious situation. Therefore, the FB400 has a fire protection system. Both
cargo holds are fitted with smoke detectors that can alert the crew in case of fire. Furthermore, as the cargo holds
are not easily accessible, there are Halon extinguishers present that can be operated from the cockpit to suppress the
fire. In order to ensure that the fire will not spread to other parts of the aircraft, the walls and linings are air tight and
fire resistant. Other parts of the aircraft that have a relatively large risk of catching fire are the APU and the engines.
Thus, they are separated from the rest of the aircraft by fire resistant materials. Furthermore, there are both overheat
and fire detectors present on multiple locations that send a warning to the cockpit. From there, pilots can shut down
the fuel and air supply to the engine(s) or APU and drain all flammable fluids. There are also Halon fire extinguishers
present to kill the fire if necessary. As for the cabin, there are smoke detectors, located in the lavatories, gallies and
work and rest stations. These are locations that are not always occupied by passengers or crew and so a fire can start
there without being noticed right away. Furthermore, multiple Halon extinguishers are present on board. As can be
seen from Subsection 8.2.1, the most crucial part of the cabin is the part between the most rear exits. If there were to
be a fire in that area, there are no exits left for all 350 passengers sitting behind it. Therefore, there are extra handheld
extinguishers in that area, plus built in extinguishers that can be operated electronically.

13.11. SYSTEM INTERFACE

It is important for the entire system of the Blended Wing Body aircraft to work coherently. Therefore, it is needed to
design the interfaces between systems and show how they are connected to each other, which will be shown in this
section.

13.11.1. INTERFACE N? CHART
This subsection shows the N? Chart of the systems interfaces.
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13.11.2. SYSTEMS LAY-OUT
Figure 13.5 shows a schematic overview of the lay-out of the most important systems. Note that it is not drawn to
scale.

E/E Bay
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Figure 13.5: Overview of main systems

13.11.3. ELECTRICAL BLOCK DIAGRAMS

Figure 13.6 shows the electrical block diagram of the FB400’s electrical system. The electricity is generated by the
engines, APU or RAM Air Turbine, in case of emergency. It is then distributed to the electronic bays from where it is
redistributed to the rest of the aircraft systems that need electrical power.

13.11.4. DATA HANDLING BLOCK DIAGRAMS
Figure 13.7 shows the data handling block diagram of the control system of the FB400, starting with inputs from the
cockpit until the movement of control surfaces.

13.11.5. HARDWARE INTERFACE

The hardware of the aircraft is separated into four different System: engine, cabin, hydraulics and input. Since the
FB400 implements a More Electric Aircraft concept, the main power distributed through the entire hardware is elec-
tricity. The main source of electricity is the engine and is distributed by using the Power Distribution hardware. There-
fore the four systems are connected into one main hardware which is the power distribution.

In Figure 13.8, it is shown how each of the hardware is connected to each other through the power distribution hard-
ware.

* Engine System: Aside from producing thrust, the engine also produced electricity to be stored in the battery.
The electricity is utilised by the entire hardware system.

* Cabin System: The power distributed is used to power the cabin system such as the pressurisation and air
condition of the cabin. For passenger’s experience, the electrical appliances (lighting, in flight entertainment
and galley equipment) also operates.

* Hydraulics System: To move the hydraulics, the actuators require a power source. Thus, power is also dis-
tributed to move the hydraulics of the high lift devices, control surfaces and landing gear.

* Input System: The pilot has the freedom to manually input the controls or to use autopilot. However, the flight
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Figure 13.7: Data handling block diagram

computer requires power to operate the control and to enable the autopilot. Together with the sensor that
is monitoring the hydraulics system, the flight computer can operate and alter the hydraulics system and the
engine system.

The power distribution hardware act as a crucial key in the hardware interface. Especially as the entire system relies
on electricity that is distributed.

13.11.6. SOFTWARE INTERFACE

Since the fly-by-optics is implemented, the aircraft requires a tremendous computing power to operate. To simplify
the mapping of the software interface, only the main software system is analysed. In Figure 13.9, it is shown how the
software (diamonds) interact with the systems (rectangles).

The main flow of Figure 13.9 starts with the pilot that usually acts based on a two-way communication with the Air
Traffic Controller. Afterwards, the entire aircraft system and the flight computer starts. However, if a component is not
started, the pilot’s display shows error. If the startup sequence is successful, the input can be given. It can be in the
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Figure 13.8: Blended Wing Body System Hardware Diagram

form of autopilot or manual input. The input is driven by two different sources, the current flight conditions (latitude,
longitude, altitude, speed, etc.) and the GPS and radar system. The input then alters the engine’s thrust and the flight
controls (high lift devices and/or control surfaces). Moreover, the sensor monitors then changes and returns it to the
flight computer so another input can be given or the autopilot can react accordingly. The pilots also have the options
to deploy the landing gear or shut down the system. A warning system is present if hazard is detected by any of the

software so the pilot is aware of it.
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FUTURE PLANNING

This chapter shows the future planning of the project. Firstly, a production plan is given and explained in Section 14.1.
Afterwards, a flow diagram visualises the project design and development in Section 14.2. Finally, the Gantt chart is
shown in Section 14.3, following from the flow diagram to show the time assigned per task.

14.1. PRODUCTION PLAN

As mentioned in Section 5.2, the concept of lean manufacturing will be implemented during the manufacturing pro-
cess. The main idea here is to minimise waste during the process. An example would be to limit milling and drilling
and try to see where the possibilities are for lay-up and casting processes, or even 3D printing. Furthermore, certain
parts of the main assembly should be manufactured at the same site to minimise the transport needed for the parts.
The production plan is shown in Figure 14.2.

However, the assembly for the FB400 is not the same as for conventional aircraft. It is more difficult to treat the
wing and fuselage separately, since they are part of a whole. Figure 14.1, which has been presented before in Subsec-
tion 8.9.7, shows how the wing and fuselage interact. The assembly of the cabin includes the lateral spars and stringers
running through. So the wing that is attached is the outer wing section. First the floor and ceiling will be constructed,
after which the spars will be formed around and cuts in the spars will be made to allow for the presence of the floor
and ceiling. The stringers will have to be connected to each other, either at the start of the outer wing section, or in
the centre of wing section 2.

Figure 14.1: Wing fuselage interaction with stringers in blue

14.2. PROJECT DESIGN AND DEVELOPMENT LOGIC

The project design and development logic is shown in Figure 14.3. It contains the activities that will take place after
the conceptual design as presented in this report. It will start with a detailed design of all the parts mentioned under
"A". Afterwards, the manufacturing will start and prototypes will be built and tested. Later, the parts will be mass
produced and sub-assemblies will be created. Finally the assembly will obtain its interior and the aircraft will be
ready for delivery after successfully passing the last tests.
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Figure 14.2: Production plan FB400

14.3. PROJECT GANTT CHART

The project Gantt chart is created to assign a certain time period per task. This will create a clearer overview of what
is expected to happen in the next few years. Figure 14.4 shows the time period from the first quarter of 2020 until the
fourth quarter of 2023. Figure 14.5 shows the time period from the first quarter of 2024 until the fourth quarter 2029,
where the first delivery is expected.
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Figure 14.4: FB400 Gannt chart part 1
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Figure 14.5: FB400 Gantt chart part 2
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FINANCIAL ANALYSIS

This chapter gives an overview of the estimated costs of the aircraft. In Section 15.2 and Section 15.3, the development
and production cost and the operational cost results are given and elaborated, respectively. Then, in Section 15.4 the
return on investment is given. This chapter concludes with an overview of the costs the blended wing body is expected
to have and its resulting position in the future market.

15.1. COST BREAKDOWN STRUCTURE

The lifetime cost of the FB400 is calculated using the method given in Roskam’s VIII book[4] on cost estimation. First,
this section provides the cost break down structure of the aircraft lifetime cost. Than, a brief explanation of Roskam’s
method and the assumptions taken is given.

‘ Life Cycle Cost ‘

Research,
Development, Test Acquisition Cost Disposal Cost
and Evaluation Cost
Airframe Engineering . Indirect Operational Direct Operational
4‘ and Design Cost Manufacturer's Profit Manufacturing Cost
Development
Support and Testing Engineering Cost — Passengg;tservlce — Flying Cost
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RDTE Test Cost Production Cost —{ Maintenance and — Maintenance Cost Fuel Cost
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o5 Financing Cost

l
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Financing Cost . — Administrative Cost
Manufacturing

Material Cost

Toaling Cost

Quality Control Cost

Figure 15.1: Cost Breakdown Structure

To account for inflation a Cost Escalation Factor(CEF) is used. Roskam uses a CEF with base year 1970. For years
later than 2017, a formula is given. For the FB400 project, this formula is slightly updated to years later than 2019 by
use of the inflation calculator'. For the development and manufacturing phase, the 2025 CEF value is used. For the
operational phase, 2030 is used.

1CPI Inflation Calculator. Accessed January 2019. http: //www.bls.gov/data/inflation_calculator.htm
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15.2. DEVELOPMENT AND PRODUCTION PHASE COST

The unit cost of the FB400 consists of the development and production cost per aircraft, calculated on the basis of a
total production (and total order) of 1353 aircraft over a time span of 15 years. As mentioned before, Roskam’s method
is used and it is assumed that the average CEF factor for the development and production phase is 2025. In Subsec-
tion 15.2.1, the main contributions to the research, development, test and evaluation(RDTE) cost are described and
the manufacturing cost in Subsection 15.2.2. In subsection Subsection 15.2.3, the results of this section is validated by
recalculating the costs with a simplified method that was developed in 2012 and therefore, possible errors due to the
outdated relations in the book could come forward.

15.2.1. DEVELOPMENT PHASE

The contributions to RDTE cost are shown in Table 15.2. For the flight testing phase, 4 aircraft will be used, which is
based on recommendations from Roskam[4]. Two of these will be 'heavy flight test aircraft’ with instrumentation, and
will be used for basic technical development and certification. These two together will test fly for 600hrs in 21 months.
Additionally there will be 2 test aircraft with cabin and lighter test instrumentation, which will fly for about 900hrs in
20 months.The cost of the flight test aircraft are high, mainly due to the test equipment and the extra tooling cost for
the amount being build.

Flight test aircraft 3 and 4 will be made available for the market, meaning some changes in the test aircraft cost.
In all four test aircraft cost, the avionic system and the engines are incorporated. The list price of the GEnx-1B is
$28.7 million in 2017°. For this cost analysis, it is estimated that the price in 2022 will be the same as in 2017. Cost
information on the avionics systems is difficult to obtain at this stage of the design. From Raymer [19], it is assumed
that avionics cost 5-25% of the flyaway cost or $4516 per pound mass. Using the cost per mass, the cost of the avionics
are assumed to be $5.9m. For the total of 2500 flight test hours, a value of $3 per gallon is assumed, half of the $6
during the operational phase of the aircraft in 2030. The ‘difficulty level’ as mentioned in Roskam, of the FB400 is
higher than average. A factor 3.5 to 4 has been chosen in order to take into account the unconventional design and
the challenges the designers are facing, for example regarding the pressurisation and stabilisation of the aircraft. As
shown in Table 15.2, the total development cost is around $17.8 billion in 2025. This is comparable to the A350, which
had an estimated development cost of $12 to $15 billion dollars in 2013.°

Table 15.1: Development Cost Program in 2025 b$

Program Cost Value b$
Airframe Engineering and Design Cost | 10.4
Development Support and Testing Cost | 0.50

Test and Simulation Facilities Cost 6.50
Flight Test Aircraft Cost 4.95
Flight Test Operating Cost 0.41
Total Testing Cost 11.9
Profit Cost 3.2
Financing Cost 6.50
Total RDTE Cost 32.5

15.2.2. MANUFACTURING PHASE

The design choices that have strong influence on the the manufacturing time and cost are described in this subsec-
tion. Table 15.2 shows the results obtained by Roskam’s method with some modifications in order to make it more
applicable to modern day manufacturing. First of all, the airframe engineering and design cost for the FB400 is as-
sumed to be higher than conventional aircraft as the pressurisation of a Blended Wing Body is more complex. Because
of the new design, more tooling cost are accounted for by increasing the 'difficulty level’ of the aircraft design. The rel-
atively high manufacturing cost is due to both high material cost and the larger amount of man-hours required for
composite aircraft manufacturing. The production of composites for the aerospace industry is for a relatively large
part done manually, with highly skilled employees required. Manually manufacturing composites still gives better
quality than any automatic process could do and due to regulations in the aerospace industry the process of automat-
ing production requires high re-certification cost. It is therefore that still in 2028, during the manufacturing phase, it

2GEnx Engine to Power Its Boeing 787 Dreamliners.Accessed January 2019. https://www.geaviation.com/press-release/
genx-engine-family/china-eastern-selects-genx-engine-power-its-boeing-787-dreamliners
3A350: The aircraft that Airbus did not want to build https : //www.bbc . com/news/business-22803218
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is assumed to have high cost”.

Table 15.2: Production Cost Program in 2028 b$

Value b$ Value B$

per program | per unit
Airframe Engineering and Design Cost | 7.03 5.19
Aircraft Production Cost
Manufacturing Material Cost 31.0 229
Tooling Cost 154 11.4
Manufacturing Cost 63.4 46.8
Avionics and Engine Cost 85.1 62.9
Interior Cost 6.26 4.62
Quality Control Cost 9.51 7.03
Flight Test Cost 0.47 0.35
Financing Cost 4.7 40.4
Total Manufacturing Cost 273 201
Acquisition Cost 300 222

15.2.3. RESULT VALIDATION

At first, the values of the RDTE and the manufacturing phase were unrealistically low. Roskam’s equations are based
on existing aircraft in the market. It is common for high capacity aircraft to have a large range and vice versa. The
FB400, being a high capacity short range aircraft, is unique in itself and has a low weight for a 400 passenger aircraft.
In the majority of Roskam’s equations, weight plays a role. This means that the values calculated, are underestimating
the aircraft size and capacity. This is confirmed by equation Equation 15.1[65] which is based on reference aircraft and
gives an Aircraft List Price(ALP) of only $127m in 2014.

ALPwg[$M] = 205.88 - [n(MTOW) — 876.62 (15.1)

To take into account the range and the amount of seats of the FB400, another equation is used. From reference air-
craft list prices, the weight of the seats is estimated to be 85% and the remaining 15% is for range. This results in
Equation 15.2, which gives values of $305m and $312m for a range 700nm and 3500nm respectively.

ALPwg[$M] = 0.85 - [255.29 - [n(Seats) — 1178.1] + 0.15 - [32.7 - ¢1-33 ¥ 10~ Range, (15.2)

In order to validate the estimated unit cost, a different method is used. This method is an slightly updated version of
Raymer[19], which is based on the Dapca-IV[66] method. This modified version[67] is based on 2012 cost relations
and therefore considered to be better applicable. It is a short and simplified method that is used to validate the results
obtained from the Roskam method. This method gives a difference of 15% and is given in Table 15.3.

In Table 9.5, the unit, recurring and non-recurring cost are given. For the statistical calculations, the list price is
changed to the unit price by assuming a 10% profit of the company. Compared to the statistical data, Roskam is
estimated to be too low. Therefore, a unit price of $283 is taken as an estimate as well as the non-recurring cost and
recurring cost from the Raymer method.

15.3. OPERATIONAL COST

One of the objectives of this project is to have low operational cost. For aircraft that will be operational in 2030 and
that are fuelled by conventional jet A fuel, the future operating cost are dominated by the fuel cost. As can be seen
in Table 15.5, the weight of the fuel cost on the operational cost is to such extent that 'inconvenient’ design options,
like the high location of the engines, are considered minor compared to the fuel cost reduction it gives. In order to be
consistent with Roskam’s method, this chapter divides the operational cost in direct operating and indirect operating
cost. Since the formulas used in Roskam’s book can be outdated, the results obtained are compared to values from
data collection on operational cost of 52 airlines by IATA In case of large differences that can not be motivated, are
calculated again with methods[68] and [65].

4“Why conversion costs of composites in Aerospace are still way too highhttps://www.airborne.com/
why-conversion-costs-of-composites-in-aerospace-are-still-way-too-high/


https://www.airborne.com/why-conversion-costs-of-composites-in-aerospace-are-still-way-too-high/
https://www.airborne.com/why-conversion-costs-of-composites-in-aerospace-are-still-way-too-high/
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Table 15.3: RDTE and manufacturing phase using the updated version of Raymer.

Man-hours | Rate, $/hr | Total Costb/$ Cost per Unit m/$
Engineering 72.7m 113 17.1 38.0
Development Support 1.00 2.21
Flight test operations 0.36 0.80
Tooling 40.5m | 778 6.62 14.7
Certification Cost 24.3 55.7
Manufacturing Labor 23.4m \ 67.6 33.2 64.5
Quality Control 9.39 20.8
Materials/Equipment 15.1 33.4
Units produced in 5 years 451
Quantity Discount Factor 0.586518

Without QDF | With QDF

Engines 57.4 33.7
Avioncis 5.87 3.44
Total Cost to Produce 246.9 220.7
Manufacturer’s liability insurance 36 32.0
Minimum selling price 283 253

Table 15.4: Comparison of cost between different methods

Roskam | Raymer | Statistics
Unit Cost M$ 246 283 275-280
Non-Recurring Cost B$ | 26.6 24.3
Recurring Cost B$ 300 334

Table 15.5: Estimated DOC for the FB400 for a 700nm mission in 2030 US$

Component of DOC | $/nm | ASM $cents
Total Cost 89.6 19.5
Fuel Cost 35 7.61
Crew Cost 1.53 0.333
Insurance Cost 4.64 1.00
Maintenance Cost 7.48. | 1.62
Depreciation Cost 9.78 1.99
Landing Fees 8.39 1.82
Navigation Fees 2.19 0.476
Taxes 0 0
Financing Cost 6.27 1.36

The largest influence on the DOC is the fuel cost. In Table 15.6, the $ per aircraft seat-mile is given(ASM). The values
for the B737-MAX and A319NEO were obtained from an analysis on fuel cost, in which the mission range is 600nm.
For the comparison with the FB400, a mission of 600nm was taken and a fuel price of $3 per US Gallon’. As shown,
the fuel cost per seat-mile is lowest for the FB400.

Thelanding fees calculation in Roskam’s book is outdated and a relations based on reference data is used to recalculate
it. Since one of the objections of FB400 project is to reduce airport congestion, reference data from busy aircraft
has been chosen. Equation 15.3 give the formala [65] used for both North America and Europe, which depend on
maximum gross landing weight and maximum take of weight respectively, in kg-tons. The new values for landing fees
are $7661 and $4080 per landing, of which the average is added to Table 15.5 per nm and ASM.

SEmbraer continues and refines its strategy at the low-end of 100-149 seat sector. https://lechamnews.com/2014/01/13/
embraer-continues-and-refines-its-strategy-at-the-low-end-of-100-149-seat-sector/


https://leehamnews.com/2014/01/13/embraer-continues-and-refines-its-strategy-at-the-low-end-of-100-149-seat-sector/
https://leehamnews.com/2014/01/13/embraer-continues-and-refines-its-strategy-at-the-low-end-of-100-149-seat-sector/
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Table 15.6: Fuel cost comparison at 600nm mission at a fuel price of $3 per US Gallon and a 100% load factor

Aircraft ASM $cents
737-TMAX | 0.0430
A319NEO | 0.0425
FB400 0.0392

LandingFeesy, ihamerica [$] = 15.66 - (M GLW)

. (15.3)
LandingFees, ;e [$] = 8.34 - (MTOW)

The formulas to calculate the navigation fees are given in Equation 15.4[65] for both the North America and Europe
and give $0.569 and $3.82 per nm. Again, there is a significant difference between the two and the average is taken
and added to Table 15.5.

NavigationFeesy, ihamerica[$] = 0.3070- (distance)

(15.4)
NavigationFeesg, o [$] = 0.113 - distance - v MTOW

15.3.1. MAINTENANCE COST

Because of the composite material used, the maintenance cost are lower. As can be seen in Table 15.5 the maintenance
cost are comparable to conventional aircraft currently flying, therefore worth mentioning. Maintenance cost can
be influenced by different factors and will be discussed in this subsection. High diversion of an fleet increases the
operational cost. Especially for maintenance cost, segmenting the fleet per airport or area is a solution to lower the
maintenance cost. The FB400 is aimed at high demand routes and the target markets are concentrated areas of which
most operate via hub and spoke networks. This means that more equipment is available which partly solves the extra
cost of the inconvenient location of the engines.

15.3.2. INDIRECT OPERATIONAL COST

In this subsection no quantitative values are given. Itis assumed, based on Roskam and statistical data that the indirect
operating cost is given as a 55% of the direct operating cost. In Table 15.7, the final values of the indirect operational
cost are given as well as the final total operational cost per nautical mile and aircraft-seat-mile.

Table 15.7: Final results of operating cost given in $2030

$/nm | ASM $cents
DOC | 89.6 19.5
IOC | 49.3 10.7
TOC | 138.9 | 30.2

Generally, the designer has little influence on the indirect operational costs(IOC) and Roskam does not give a quanti-
tative method for it in his book. So in this subsection, the parts on which the designer has some leverage, a distribution
will be given. The IOC consists of the sum of the indirect operational cost of passenger services(pax), cost of main-
taining and depreciating ground equipment and ground facilities(sta), cost of aircraft and traffic servicing, control
and for freight(ascf), cost of promotion, sales and entertainment(pse) and lastly the cost of general administrative
expenses(gaa).

10C = I0Cpax + I0Cst + I0Cssct + I0Cpse + 10Cqaa (15.5)

With the expected rise in fuel prices, airlines have to find another way to reduce their operational cost. One of the
ways designers have leverage is in designing for low turn around time and fast ground handling operational times.
This section describes the actions taken and their cost results both on operational cost but also on possible increases
in unit price or extra fuel cost due to weight increase.
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The extra cost of the foldable passengers seats described in section8.2 will have an increase in interior cost of the
FB400 of $2.2 million. For the Airbus A320-like baseline aircraft used in the ALOHA project, the annually utilisation
of the aircraft increases, but so does the DOC per seat-nm. However, for the FB400, the gain in productivity results
in more profit. There is no quantifiable value of the reduction in cost, however, in the ALOHA project it is concluded
that there is a 45% reduction in deboarding time, a 16.6% reduction in boarding time and the cleaning time is reduced
with 33%. Additionally, there is will be two passenger bridges and more aisles than conventional wide-body aircraft,
making it more convenient. This is already incorporated in the Gantt chart on operational time.

Turnaround time is also directly related to the accessibility of the aircraft when servicing, i.e. if service vehicles can
simultaneously access the aircraft. The designer has influence on this and as described in chapter 11, the FB400 is
accessible to service the aircraft in a shorter amount of time. Design of the freight compartment is related to the way
freight must be handled(people, containers and handling equipment). The FB400 body is designed such that there is
only cargo in containers. With two cargo departments which can be used simultaneously, ground handling costs are
reduced. For short-range aircraft this is beneficial and therefore cost reducing[69].

15.4. RETURN ON INVESTMENT

The route New York-LaGuardia-Chicago was used as an reference for the cost prices. By taking inflation into account,
the average ticket prices were $248 and and $372 for economical and business seats respectively. By using the a fuel
price comparable to today’s, the FB400 has a return on investment of 92%. This means that the FB400 is very com-
patible in the market. Unfortunately, with just inflation, it is not possible to get a representative estimation as the fuel
prices will rise to such extent that it difficult to estimate the future ticket prices.
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TECHNICAL RISK ANALYSIS

This chapter elaborates upon the technical risk analysis of the high capacity short range transport aircraft. After the
technical risks have been identified and analysed in the previous design stages, mitigation plans have been applied
during this design stage [1] [2]. Consequently, those risks that are not applicable at this stage are removed or relocated
and new risks are identified which will be valid for future stages of the design and life-cycle of the aircraft. Section 16.1
shows the identified risks and their categorisation, whereas the mitigation techniques for these risks and their position
in the risk map are shown in Section 16.2.

16.1. TECHNICAL RISK IDENTIFICATION AND CLASSIFICATION

While developing a new product, different risks might occur during different stages of its life cycle. Therefore, the
technical risks that are analysed for this aircraft are divided into four main categories - design, manufacturing and
maintenance, operations and end-of-life. Each of the categories has its own specific risks that need to be closely
managed. The risks that occurred in previous design stages have been mitigated by performing sensitivity analysis,
verification and validation, which is why they are no longer a threat for the design and are not mentioned in this
report. However, they can still be found in the risk map before mitigation (Table 16.2).

16.1.1. DESIGN RISKS

DR-09 Stability requirements not met: Static and dynamic stability is very sensible to changes in the design, there-
fore if a design change is made and the stability is not updated, the requirements could not be met eventually.
DR-1.01 Non-flexible design: The design is highly sensitive to changes which might lead to large design constraints
and therefore small space for optimisation.

DR-1.09 Design does not allow for family concept: If the aircraft is designed and optimised only in a certain config-
uration, it might not allow for creation of aircraft family based on it.

DR-1.10 Difficulties in certification: The aircraft might require more time to be certified or even new certification
requirements from aviation authorities.

DR-2.01 High development and unit cost: The design might require new parts and components which will signifi-
cantly increase the cost of the final product.

16.1.2. MANUFACTURING AND MAINTENANCE RISKS

MMR-01 Manufacturing resource limitations: There is a possibility that the manufacturing process is limited by re-
source availability, This might include people, materials, machines, production methods, etc.

MMR-02 Insufficient production quality: During manufacturing of a product, there is always the risk that some flaws
will occur and not be detected. This could be due to transport or production damages and could lead to unsatisfied
clients or even inability to perform operations.

MMR-03 Extended manufacturing time: The unconventional design could lead to more manufacturing time com-
pared to conventional aircraft, which will affect the cost and schedule of the project.

MMR-05 Limited availability of spare parts: Spare parts of new aircraft are usually sparse, which could lead to main-
tenance time extension.

MMR-06 Incorrect/incoherent manufacturing tolerances: The tolerances that have been designed might not be pos-
sible to achieve during manufacturing.

MMR-07 System integration errors: While production and manufacturing, there is a possibility that the systems are
not correctly integrated into each other. This could include wiring of electronics or improperly integrating the propul-
sion system.

MMR-08 Extended maintenance time: New aircraft may have longer maintenance time in the beginning due to un-
trained workers.

MMR-1.01 Limited opportunities for service: For new aircraft the service opportunities are going to be smaller and
there is a possibility that the aircraft could not be maintained everywhere.
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MMR-1.02 High manufacturing cost: The new aircraft might require new materials and manufacturing methods
which are more expensive.

MMR-1.03 Low maintenance flexibility: Since the aircraft is new, spare parts and components of other aircraft might
not be compatible with it.

16.1.3. OPERATIONAL RISKS

OR-01 Major structural failure: This includes failure of major structural components such as wing, tail or fuselage.
OR-02 Structural failure due to impact: Impact with foreign objects (ex. birds) during flight could lead to severe
structural damage.

OR-03 Structural degradation due to operational conditions: Specific operational conditions such as moisture, salt,
extremely low or extremely high temperatures could lead to material and structural damages.

OR-04 Structural degradation due to fatigue: If the loading cycles of the structure or its components are exceeded,
fatigue stress could be potential threat for the structure.

OR-06 Wing failure due to heavy dynamic loads and fluttering: If during the mission operation the aircraft encoun-
ters unstable flight region in terms of aeroelasticity, fluttering and buffering could occur, which would then cause
severe structural damage to the wing.

OR-09 Engine failure: This could happen either due to material failure, structural failure or propulsion system failure.
OR-10 Failure of combustion system: This risk could occur due to excessive fuel injection and could lead to inability
to provide thrust to the aircraft.

OR-11 Damages to fuel tank: Punctures in the fuel tank could lead to functional flaws of the fuel tanks.

OR-12 Fuel leakage: Fuel leakage could appear due to fuel pipe or fuel tank damages and could lead to damages to
other systems.

OR-14 Power system failure: Short circuit or sparks in the electronics might lead to failure of the whole power system
of the aircraft.

OR-15 On-board computer failure: Failure of the electronics or power system could lead to failure of the on-board
computer.

OR-16 Unreliable autopilot: The autopilot might be mislead by failure of instruments or bad weather and fail to per-
form its functions.

OR-17 Critical centre of gravity (c.g.) shift: This risk could occur both during ground operations and mid-flight.
Ground c.g. shift could happen due to wrong loading of the aircraft, while mid-flight c.g. shift might be caused by
movements of the fuel and payload.

OR-18 Control system malfunction: Control system failure or malfunction could be caused by failure in the control
surfaces, linkages or operating mechanisms.

OR-19 Sensors and avionics failure: Due to bad weather conditions, there is a possibility that the Pitot tubes freeze
and the instruments are not showing correct data.

OR-20 Unrecoverable stall during flight: Increasing the angle of attack while decreasing the velocity might lead to
unrecoverable stall of the aircraft.

OR-21 HLD failure: Failure of the high lift devices could be structural (broken flap or slat) and functional (jammed
flap or slat)

OR-22 Landing gear failure: Mostly during take off and landing, the landing gear damper or the tires could fail.
OR-23 Aircraft unable to steer: This risk is related to the ground operations and would follow from failures in the nose
landing gear.

OR-24 Payload exceeds design margins: The risk could occur if the aircraft is loaded with excessive amount of fuel
and heavy payload.

OR-26 Crash due to low visibility during flight at low altitudes: Clouds could restrict the visibility of the pilot. This,
combined with instrumentation failure could lead to a severe ground impact.

OR-27 Extensive crew training: The aircraft to be designed is unconventional and new on the market, the pilots and
crew would need more time to be trained.

OR-1.02 Flight display failure: During flight, there is a possibility that the displays providing flight data to the pilots
fail.

OR-1.03 Increased global warming impact: Although reducing the global warming impact is part of the mission ob-
jectives of the aircraft, it is possible that competitive aircraft become better in terms of global warming impact. This
would mean that the project objective is not met.

OR-1.05 Clients and users do not trust the aircraft: Passengers might not be confident enough to fly in a new aircraft
and potential clients might not trust in its qualities.

OR-1.07 Aircraft produces high external noise: Due to aerodynamic configuration and engine selection the noise
produced by the aircraft might be at unacceptable level.
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16.1.4. END-OF-LIFE RISKS

EOLR-01 Usage of non-recyclable materials: One of the end-of-life solutions for the aircraft is to recycle some of its
parts and materials. However, if non-recyclable materials are used, this would not be possible.

EOLR-03 Regulations for recycling changing: Regulations for the recycling process of aircraft can change in the fu-
ture and the current design selection for recyclability would not be applicable in the future.

EOLR-05 Fuel residue: If fuel is not properly drained from the tank, it may become a fire hazard during the recycling
process.

EOLR-06 Improper storage leading to non-recyclable materials: Rust may develop with improper storage in be-
tween retirement and recycle process, preventing the material to be fully recycled.

EOLR-07 Batteries still connected during recycling process: During the recycling process the batteries might get
punctured and become a fire hazard.

16.2. TECHNICAL RISK MANAGEMENT

This section analyses the likelihood and impact of the technical risks, as shown in Table 16.1. However, only the risks
with changed likelihood and impact are shown, since the severity of the other risks remains the same as before and
has already been analysed [1] [2]. A risk map before mitigation is shown in Table 16.2. Mitigation plan for the most
severe risks has been created, which leads to the risk map after the mitigation, as shown in Table 16.3.

Table 16.1: Technical risks (likelihood and impact classification)

RiskID | Likelihood Impact
Rare - The stability derivatives have been calculated | Serious - The requirements are not going to be
DR-09 and it is confirmed that at this design stage met, which leads to unreliability and lack of
the aircraft meets its requirements. verification of the design.

Possible - The aircraft is unconventional, thus more
DR-2.01 | resources have to be spent on the design

and certification process.

Rare - The landing gear has been designed to
sustain extreme loads, thus the possibility of this

Moderate - This does not affect the quality
of the design, only the cost of the product.

Minor - The risk does not affect performance of

OR-23 risk occurring could be if the tire is flat or other systems and does not hinder the safety of
the strut fails structurally. the aircraft performance.
leelly - The alr::raft is ITeW on the market and Trivial - This would not affect the
previous experience might not be enough to operate
OR-27 oo . performance of the system but could cause a
it. Pilots and crews need to undergo extensive delav of the product on the market
training first before operating the aircraft. Y p ’
Rare - For most of the aircraft carbon fibre Moderate - The risk will not affect the aircraft
EOLR-01 | will be used, which is proved to be performance but will interfere with the sustainability
recyclable [70]. strategy.

Table 16.2: Technical Risk map before mitigation - most severe risks are at the top right (red region), least severe risks are at the
bottom left (green region)

Impact\Likelihood | Remote (1) Rare (2) Unlikely (3) Possible (4) Likely (5)

DR-04 DR-10

MMR-07 OR-09

' OR-04 = OR07 | (b1 DR-1.02
Serious (4) OR-10 OR-24 | e ) oe DR-05
DR-03 DR06 | pp 1) pRs

DR-1.04

OR-11 OR-13
EOLR-05 DR-1.07
DR-1.08

OR-17
OR-22
DR-02

MMR-04 OR-01
Extreme (5) OR-03 OR-15
DR-14 DR-12
Moderate (3)
MMR-03 MMR-08

OR-23 DR-1.06
OR-1.07

EOLR-04

Minor (2) MMR-1.02

MMR-05 OR-27
DR-1.09

Trivial (1)

It can be seen that no risks are present in the red area. However, there are a lot of risks in the orange area. This means
that those risks are potential threats to the project and should be managed closely. Therefore, mitigation plans have
been created for some of them. The design risks that are not present anymore are mitigated by performing sensitivity
analysis, verification and validation of the design.

DR-09: Mitigated by analysing the stability of the aircraft and designing a controller so that the system meets the
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stability requirements.

OR-05: Mitigated by analysis of the extreme load factors and design of the structure accordingly.
OR-08: Mitigated by selection of anti-icing and de-icing systems.

OR-25: Mitigated by designing the landing gears and tires such that they can operate on iced runways.
OR-1.04: Mitigated by selecting a design with short boarding time.

EOLR-01: Mitigated by selection of materials that are recyclable.

After mitigation of the risks is performed, it can be seen on Table 16.3 that less risks are present and most of the
design risks are no longer a threat for the aircraft. However, the majority of the manufacturing and maintenance and
operational risks cannot be mitigated because this is a very early stage of the design.

Table 16.3: Technical Risk map after mitigation - most severe risks are at the top right (red region), least severe risks are at the
bottom left (green region), mitigated risks are in bold

Impact\Likelihood | Remote (1) Unlikely (3) Possible (4) Likely (5)

OR-01 OR-03
Extreme (5) OR-15
. OR-04 OR-10 | MMR-07 OR-09
Serious (4)

OR-24 OR-21 DR-09

OR-11 EOLR-05 OR-17
EOLR-01 OR-22

MMR-03 MMR-08
OR-1.07

Moderate (3)

Minor (2) MMR-1.02

Trivial (1)
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RAMS ANALYSIS

This chapter provides preliminary analysis of the Reliability, Availability, Maintainability and Safety (RAMS) charac-
teristics of the aircraft. RAMS characteristics are crucial for the aircraft, since they determine its operative cost, com-
patibility with airport and maintenance equipment. These four terms are defined as follows [71]:

Reliability: the probability that a system can perform its function under given conditions for a given time interval.
Availability: the probability that the system is operating satisfactorily under given conditions for a given time interval.
Maintainability: the probability that a given maintenance action, for a system under given conditions of use can be
carried out within a stated time interval.

Safety: the degree to which a system is free from unacceptable risk of causing harmful effects.

The four points are analysed respectively in Section 17.1,17.2, 17.3 and 17.4.

17.1. RELIABILITY

Reliability can be considered as the degree to which the system meets its performance standards throughout its life-
time. Therefore, the reliability of the aircraft should be as close to 100% as possible, in order to satisfy the potential
customers and stakeholders. The total reliability of a system can be expressed as a product of the reliability of its
components, i.e. Equation 17.1.

n
Rsystem = HRi (17.1)
i=1

Reliability can also be expressed as a probability function. It is the probability that a certain failure will not occur and
could be expressed with Equation 17.2.

R=1-P; (17.2)

Here, Py is the probability of failure, which can also be presented as a cumulative distribution function, as shown in
Equation 17.3.

r
Pf:F(t):f fnde (17.3)

Weibull distribution is used because of the possibility of fine tuning the parameters to best fit the data. This implies
that the reliability function becomes Equation 17.4

t t t
R:l—f fdt=1-(1-e 1Py=e P (17.4)

where x is the time interval and  and 8 are the Weibull parameters. Since those parameters are usually obtained from
statistics, it is impossible to estimate them at this stage of the design because there are no commercial blended wing
bodies flying. However, statistical data for the separate components of the aircraft can be taken from existing aircraft
in order to come up with an initial guess for the reliability of the whole aircraft. The data is taken for small aircraft
and scaled in terms of MTOW and complexity of each system [72]. A fault tree as shown in Figure 17.1 and Figure 17.2
are used to determine the components that could possibly fail and the most critical failure modes. The main failures
which have the worst effect on the aircraft performance are coloured in red, the ones with lower effect are in yellow
and the ones with least effect on the performance are in green.
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Figure 17.1: Aircraft Fault Tree (External causes to failure)



117

UONEZUNSS3lg

swa1shs
13UL0 10 ainjied

SINED
uannguisip
pUE 32IN0 BunuB

_|‘|_

ain|ie] WalsAs
|B2UR33

pue Gunesy

(9IN[TE] 03 SISNEI [RUIIU) 931, I[Ne] IJeIdITy :g° 2T oIndrg

BN
uone[uaA

I
Ul 3n4

sheyes|
lang

aunjey
duing

aunjie;
ucneibsiy

Bueayang

aunpier
wia1shs jan4

aunjiel aulbug

amn|ie; waishs

uoisndoud
pue 1amod

alnjiel
101eA313

ST
ey w)

ainjiel
uosay

adnjie;
Isppny

SunjieL Wi

aun(e) sde(4

aunjig) |0RUeD
|euipnyBue

aanjiey josuoa | | aunpes jonuod
|essE] JeuoIaIg

sunjiey
1opdoyny

‘ | I

wayshs [oauoD

EILITEN

sanjie]

@injie}

I
sBuneos

s1EWIN

SIEWMN

ainie} ulged
I

ainye;

ENEEe!

ulged

Sinjier se21nap
JME1500193|3

_|1|_

aunjel
uonelGeiu

aInjiey
peo| anbne

2unjiel peo
alewnin

ETLTIEN
sbeuuadwg

BINjiEL UIgeD

aun|ie} Buiph

Bunjie}

_ v

SINJIEY SWEILY

v (
B
Buunp ainpie4

/ ..m.S__E Esm.mw y
JNnepkH

|

T

aun|ie) WalsAs
|EURRI3

uopelsdo
punoub
Buunp ainpey

T
SISNED |BUI=IU|




118

It can be seen that the aircraft could fail due to external or internal reasons. External failure rates could not be pre-
dicted but it can be seen that the most critical external causes of failure are bad weather conditions and bird strike,
while the most critical external failure modes are airframe failure and propulsion system failure. In terms of internal
failure causes, the most critical systems are airframe, propulsion and control. This is because of the specific integra-
tion of the wing and fuselage of the blended wing body. Furthermore, the engines are installed on top of the fuselage
and in case of engine failure, they could cause damages to the fuselage. Finally, failure of the control system is critical
because the aircraft could become unstable due to its shape, engines installed in the back and CG shift.

Table 17.1 shows the Weibull parameter estimation of the components of the aircraft that could fail and the corre-
sponding hazard rate and reliability, with the hazard rate computed using Equation 17.5 and reliability computed per
flight hour using Equation 17.2.

£\P!
)(—) (17.5)
n

Table 17.1: Reliability of aircraft components

Type of failure ‘ Eta (1) ‘ Beta () ‘ t ‘ Reliability | Hazard rate
Airframe
Electrostatic devices 1917.0 | 0.86 1 0.9996 1.29E-03
Empennage 1637.1 | 0.39 1 0.9998 2.18E-02
Cabin 1265.3 | 0.29 1 0.9998 3.65E-02
Exterior coatings 602.4 0.37 1 0.9994 3.46E-02
Seats 1470.1 | 0.66 1 0.9996 5.36E-03
Upholstery 864.3 0.36 1 0.9996 3.16E-02
Wing 1383.2 | 0.61 1 0.9996 7.40E-03
Aircraft Control System
Autopilot N.A. N.A. N.A. | NA N.A.
Directional 4729.0 | 1.85 1 0.9996 2.94E-07
Longitudinal 1535.6 | 0.41 1 0.9997 2.02E-02
Lateral 1901.9 | 0.59 1 0.9997 6.86E-03
Slats 1287.6 | 0.25 1 0.9998 4.17E-02
Trim 869.7 0.19 1 0.9998 5.25E-02
Hydraulic 39774 | 1.14 1 0.9997 8.98E-05
Landing gear 2405.1 | 0.92 1 0.9996 7.13E-04
Steering 5763.2 | 1.65 1 0.9997 1.03E-06
Lighting 1130.3 | 0.33 1 0.9997 3.24E-02
Source and distribution | 997.3 0.33 1 0.9997 3.38E-02
Powerplant
Engines 6968.2 | 1.58 1 0.9998 1.34E-06
Fuel 1033.6 | 0.29 1 0.9997 3.87E-02
Heating and ventilation | 844.2 0.32 1 0.9996 3.7E-02
Other systems
Avionics N.A. N.A. N.A. | NA. N.A.
Pressurisation N.A. N.A. NA. | NA N.A.
Total =~ 0.9933 ~ 4.03E-01

Most of the systems are similar to existing aircraft systems and would therefore be with similar reliability. However,
due to the complex wing-fuselage integration, the reliability of the airframe would be lower. Moreover, the blended
wing body concept has never been used in commercial aviation before, which means that the airframe would be more
prone to begin-of-life failures, if not designed and manufactured properly. Values for pressurisation system, autopilot
and avionics have not been found but since the total reliability is a product of all single reliability values, the failure of
other systems would only decrease the reliability. Furthermore, the reliability also depends on maintenance policies
applied by the airlines, i.e. if the aircraft is monitored and maintained often and correctly, less failures would occur,
thus reducing the probability of failure and increasing the reliability. It should be noted that the reliability of the
aircraft is less for longer flights because of the large effect of the flight time (see Equation 17.4).
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17.2. AVAILABILITY
Availability is essentially the time for which the aircraft is available to perform its mission. It can be quantified using
Equation 17.6, where MTTF is the mean time to failure or up-time and MTTR is the mean time to repair or downtime.

o MTTF
Avallablhty = m (176)

In order to increase availability, the MTTF has to be increased and the MTTR has to be increased. This can be achieved
by optimising the preventive maintenance, which is especially important for this aircraft, since availability of spare
parts, especially structural parts, is going to be low, at least in the beginning. Moreover, replacement of engines is
harder than for conventional aircraft with engines below the wings. This is why it is recommended that regular checks
and preventive maintenance is performed more often than in tube and wing aircraft.

17.3. MAINTAINABILITY

Maintenance of an aircraft includes all the actions required to maintain the aircraft in serviceable condition. These
actions might include monitoring, scheduled maintenance and repair. They can be split into 3 main categories - line
maintenance, base maintenance and component maintenance.

Line maintenance prepares the aircraft for daily flights and includes daily checks, pre-flight checks and small sched-
uled maintenance tasks. It is used for trouble shooting, component replacement and minor repairs. Line maintenance
for the Blended Wing Body would differ from conventional tube and wing aircraft mainly because of the engine place-
ment. The wing has panel doors on the bottom surface of section 2 (3.5 m from ground) and section 3 (4.7 m from
ground), such that both internal and external structural inspection can be performed. The APU is placed in section 2
of the left wing, next to the landing gear bay and can be accessed through the landing gear bay. Moreover, the avionics
bay is in section 1, to the right of the cargo bay, such that the line replacement unit can be accessed and replaced
through a panel door on the bottom of the fuselage. There are two electronic bays, one on each side of the cargo
compartment, also accessed through panel doors. However, there are systems that could cause maintenance com-
plications and delays such as propulsion system and pitch damping system. The aircraft has a pitch damping system
which means that there are additional actuators that have to be maintained. This could cause slower maintenance
and thus increase the maintenance cost. Furthermore, the engines are placed on top of the fuselage between the two
vertical tails, which makes them less accessible compared to tube and wing aircraft. If an engine is to be inspected,
one has to climb on top of the fuselage using a ladder and walk towards the engine. If it has to be replaced, however,
cranes are required in order to lift it. This means that if an engine has to be replaced and a crane is not available, the
maintenance cost and downtime would increase, which would affect availability of the aircraft, according to Equa-
tion 17.6.

The logistic delay that could occur due to limited resources is dependent on spare part unavailability, mobilisation
time, transport unavailability, maintenance crew unavailability and maintenance equipment unavailability. As can be
seen in Equation 17.7, it is the sum of all the delay times due to the each unavailability, multiplied by the probability
of the delay happening [71].

Dlogistic = Tspare..part -P delay T Tmobilisation..time * P delay + Ttransport..availability -P delay T 17.7)

Tcrew..availability -P delay T Tequipment,.availability - P delay

Therefore, the higher the probability of equipment availability to replace or repair a part, the longer the logistic delay
and therefore longer downtime for the whole aircraft. This means that if the aircraft needs an engine replacement at
airport where no cranes are available, the logistic delay is going to increase, which will then cause lost of revenue due
to unavailable aircraft.

Base maintenance is more extensive and is performed less frequently. It includes airframe, engines and systems de-
terioration checks, removal of defects, implementation of new technology, repainting and cabin reconfiguration. Air-
frame is easily accessible on bottom of the planform and on the inside of the wing section because it has panel doors.
However, the top part of the planform has to be inspected by walking on top of the aircraft. The landing gears could
be easily removed and replaced, the tails are also accessible. As mentioned before, engines should be inspected by
walking on top of the fuselage and opening the cowling.

Component maintenance is maintenance of the components after they are removed from the aircraft. This includes
engines, APU, seats, etc. The aircraft does not have any specific unconventional systems that have to be treated dif-
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ferently than those of tube and wing aircraft. Therefore, all components are compatible with maintenance equipment
and component maintenance is not the most critical for this aircraft.

17.4. SAFETY

Safety is one of the most important features of an aircraft. The aircraft has to provide safety to all the crew, passengers
and maintenance workers during its operations, therefore safety standards and requirements as set by CS25 have to
be complied to. The aircraft has to be safe in multiple categories. According to accidents and incidents reports ', most
safety issues occur due to air ground communications, airspace infringement, wildlife strike, controlled flight into
terrain, fire, ground operations, airworthiness, level bust, loss of control, loss of separation, runway excursion and
incursion, wake vortex turbulence, weather conditions, emergency evacuations and human factor. The aircraft does
not differ much from tube and wing aircraft for most of the causes of safety issues. However, it has specific design
features which could affect the safety during the following scenarios:

» Wildlife strike: The aircraft has no windows in the cabin, except for cockpit windows, which will improve the
safety due to wildlife strikes because the skin panels are stronger than windows.

* Fire: Due to the engine location, a potential engine fire could spread along the fuselage and cause damage to
the cabin. Moreover, if an engine fire occurs on ground, it would be harder for firefighters to reach the engines,
because they are not close to the ground. However, the engine location decreases the probability of wing fire.
Furthermore, a fire in the cargo compartment could cause electronics or avionics failure. This can be assessed
with fire proof walls of the cargo compartment.

* Emergency evacuations: The aircraft has four aisles and eight emergency exits in the front of the cabin, which
will make the emergency evacuation faster than in conventional aircraft. However, the emergency exits are all
placed in the front of the aircraft which will cause the evacuation to be more chaotic. Therefore, a recommen-
dation for operation is to train the crew members such that they organise equal flow of people to each door in
case of an emergency situation.

1 Accident and Serious Incident Reports: WX, Acessed January 2020, https: //www . skybrary.aero/index.php/Accident_and_
Serious_Incident_Reports:_WX
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FINAL CONCEPT DESIGN

In this chapter the final concept design is presented. The requirement’s compliance matrix is analysed in Section 18.1
and the final configuration is summed up in Section 18.2.

18.1. COMPLIANCE MATRIX

After the final concept is completed, the requirements need to be checked again whether they are achieved. The list
of requirements are compiled in Table 18.1 to show the compliance matrix and in respective section the subject is
discussed.

18.2. FINAL CONCEPT CONFIGURATION

After 10 weeks of designing process, the concept configuration is finalised. Not only does the design needs to be
functional, but it has to be feasible as well.

18.2.1. FEASIBILITY

Since the start of the blended wing body concept, multiple disadvantages have been exposed. The FB400 has faced
and overcome these challenges. In the next sections, the individual feasibility problems are stated and answered by
the FB400.

In order to fit in the current air transport structure, the design has to be compatible with airports. The FB400 has a
wing span of 65 m which allows for compatibility with a type V gate. Moreover, the passenger doors allow for quick
boarding and the cargo doors are accessible for the ground handling. Numerous foldable chairs are included in the
cabin which results in a faster time for cleaning the aircraft.

It is difficult to place a landing gear on a blended wing body which allows for take-off and landing rotation, yet also
for the weight distribution over the nose and main landing gear. Furthermore, the wing tip clearance had to be taken
into account. However, the FB400 has a landing gear that fulfils all the requirements. The loads on the nose gear are
high enough to allow for steering, but low enough to withstand the forces introduced into the structure.

The main reason for the expected increase in structural weight is because the pressurised section is not circular any-
more. The fuselage is more oval shaped, which will introduce higher stresses because of the larger radii of the circles.
The FB400 limited this weight by keeping a relatively low radii, meaning the fuselage will get more round. The influ-
ence on aerodynamic performance is minor since the lift over drag ratio barely changes.

There is no room on the side of the cabin for emergency exits since this is where the wing is located. Some creativity
was needed to locate the exits. Since the economy class has 4 aisles, there is enough room for everyone to move for-
ward to the front of the aircraft, where 8 emergency exits are located. Furthermore, there are multiple exit possibilities
for the same seat. Therefore, it is expected that the evacuation time is comparable to conventional aircraft.

Since a blended wing body does not have a tail, it is difficult to trim during flight. Large deflection angles of the elevator
might be required for cruise flight [14]. However, the centre of gravity of the FB400 is located as close as possible to
the neutral point to limit the elevator deflections. Also the travel of the centre of gravity during flight is limited, to
minimise the elevator deflection and thus drag.

In his thesis, Brown assumes a constant centre of gravity when making minor changes to the wing during the itera-
tions. During the iterations of the FB400, the centre of gravity is updated constantly to the millimetre. This resulted in
accurate results for stability and control.

Regarding passenger comfort, there are two main concerns - limited numbers of windows and high roll rates on
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Table 18.1: Requirement compliance matrix

Identifier Requirement Compliance Ref. Section
Structural
HCSR-STR-001 The cabin shall be pressurised to 8,000 ft pressure altitude at maximum flight altitude Fuselage strength Subsection 8.9.4
HCSR-STR-002 Wing span shall be smaller than 65 m to conform to type V gate dimensions 64.8m Subsection 8.3.2
HCSR-STR-003 Tail height shall be smaller than 20.1 m to conform to type V gate dimensions. 12.1m Section 18.2
HCSR-STR-004 Business class seats shall have a 36" pitch Implemented Section 8.2
HCSR-STR-005 Business class seats shall have a 21" width Implemented Section 8.2
HCSR-STR-006 Economy class seats shall have a 32" pitch Implemented Section 8.2
HCSR-STR-007 Economy class seats shall have a 18" width Implemented Section 8.2
HCSR-STR-008 The aircraft shall fit in a A380 hangar of 180m x 140m x 27.5 m 64.8mx42.9mx12.1m | Section 18.2
HCSR-STR-009 Aircraft cargo compartments shall allow storage of at least 5 cubic feet of luggage per passenger >5 Section 8.2
HCSR-STR-010 The pilot overnose angle shall be at least 11 degrees 22 deg Subsection 8.2.7
HCSR-STR-011 The pilot overside angle shall be at least 35 degrees 20 deg Subsection 8.2.7
HCSR-STR-012 The aircraft systems shall fit into the aircraft Designs fit Chapter 13
HCSR-STR-013 All passengers and crew shall fit and be seated in the aircraft Seats placed Section 8.2
HCSR-STR-014 The required volume of fuel shall fit inside the tanks Done Subsection 8.9.1
HCSR-STR-015 The passenger cargo shall fit inside the cargo hold Done Section 8.2
Performance

The aircraft shall be able to take-off from a runway with dry pavement (sea level ISA+15 degrees C) - .
HCSR-PER-001 with a balanced field length of 9000 feet at maximum take-off weight accoriding to FAA 14 CFR part 25 Done Section 8.3
HCSR-PER-002 The aircra‘ft shall be al.Jle. to land on a runway with dry pavement (sea level ISA +15 degrees C) at the end Done Section 8.3

of the design range mission
HCSR-PER-003 The maximum approach speed shall be 145 kts at the end of the design range mission Done Section 8.8
HCSR-PER-004 The aircraft shall have a parking brake Done Chapter 13
HCSR-PER-006 Fc.)r a missi'OP range of 700 nmi the aircraft shall have a flight time of under 2 hours 15 minutes under no Done Chapter 9

wind conditions
HCSR-PER-007 The engines shall have a specific fuel consumption (SFC) lower than 0.6 Done Chapter 13
HCSR-PER-008 In the landing configuration, the steady gradient of climb may not be less than 3.2 percent Done Section 8.3
HCSR-PER-009 With one engine inoperative takg off afnd landing gear retracted, The steady gradient of climb may not be Done Chapter 8

less than 2.4 percent for two-engine aircraft
HCSR-PER-010 Take-off distance shall be Fhe distance greater l?etween th(? OEI take off length, the accelerate-stop distance Done Chapter 8

and 115 % of the take off distance when all engines operatives

The positive limit manoeuvring load factor n for any speed up to Vn shall not be less than
HCSR-PER-011 2.1+ 24,000/ (W +10,000) except that n may not be less than 2.5 and need not be greater than 3.8 - where Done Section 8.9

W is the design maximum takeoff weight
HCSR-PER-012 The negative limit manoeuvring load factor shall not be less than -1.0 at speeds up to VC Done Section 8.9
HCSR-PER-013 If wing flaps are to be used during takeoff, approach, or landing the resulting limit load factor shall not Not applicable No flaps

exceed +2.0
HCSR-PER-014 Reference stall speed, VSR shall not be less than than 1-g stall speed Done Section 8.3

Operation

HCSR-OPR-001 The aircraft shall fit 400 passengers Done Section 8.2
HCSR-OPR-002 Business class shall fit 50 passengers Done Section 8.2
HCSR-OPR-003 Economy shall fit 350 passengers Done Section 8.2
HCSR-OPR-004 The aircraft’s Entry into Service shall be 2029 Done Section 14.1
HCSR-OPR-005 The aircraft shall have a turnaround time of less than 1h45m Done Chapter 11
HCSR-OPR-006 The aircraft crew shall consist of 2 pilots and 8 cabin attendants Done Chapter 11
HCSR-OPR-007 Aircraft fuselage shall have at least two type A doors available for standard boarding operations. Done Chapter 11
HCSR-OPR-008 If.a Type A, Type B, or Type C exit is installed, there shall be at least two Type C or larger exits in each Done Section 8.2

side of the fuselage.
HCSR-OPR-009 Emergency exits at each side of the aircraft shall include at least two Type I exits or larger Done Section 8.2

For the maximum number of passengers in the aircraft, the amount and type of emergency exits shall be S .
HCSR-OPR-010 installed complying with part 25.807gof 14 CFR part 25 ’ e Done section 8.2

At any point between seats, the passenger aisle width more than 63.5 cm above floor shall be at least . .
HCSR-OPR-011 50.8 cym and the passenger aisle with legs than 63.5 cm above floor shall be at least 38.1 cm Done Section 8.2
HCSR-OPR-012 For any passenger seat in the cabin, their shall be no more than two adjacent seats between seat and a Done Section 8.2

cabin aisle
HCSR-OPR-013 In case of emergency, all passengers (in full capacity) and number crew members shall be evacuated from Done Section 8.2

the aircraft to the ground within 90 seconds
HCSR-OPR-014 Aircra‘fl's dimension and l:?yout shall be compatible.with the gate V ground servicing equipment with Done Subsection 18.2.2

sufficient clearance and distance for ground operation
HCSR-OPR-015 The aircraft shall have at least one accessible lavatory Done Section 8.2

Stability and Control

The aircraft shall have level 1 handling qualities when all systems are in their normal operating state; level 2
HCSR-SCR-001 flying qualities after failures occurring approximately once during the aircraft’s lifetime; level 3 flying qualities | Done Chapter 10

after rare failures
HCSR-SCR-002 The time to achieve 30 deg bank angle shall be less than 1.5 sec Done Subsection 8.7.1
HCSR-SCR-003 Longitudinal control force for prolonged application shall be less than 10 Ibs Done Subsection 8.7.2
HCSR-SCR-004 The aircraft shall have stable longitudinal eigenmotions Done Chapter 10
HCSR-SCR-005 The aircraft shall have stable dutch roll mode characteristics Done Chapter 10

Sustainability

HCSR-NF-SUS-001 ‘ The aircraft shall allow for segregated waste stowage on board ‘ Done ‘ Chapter 13
HCSR-NF-SUS-003 ‘ Noise level shall comply with the ICAO chapter 4 standards ‘ Done ‘ Section 12.5

blended wing bodies. The latter is a bigger concern for the passengers seated far away form the centre line. The
lack of windows has been solved by projecting the outside views on the walls of the cabin. Furthermore, the emer-
gency exits will have small windows, so the possibility to look outside still exists during cruise. The roll rates have been
tackled with the use of inboard ailerons. The ailerons have been designed for a roll rate of 30 degrees in 1.5 seconds,
however this is only used in emergency situations. During nominal flight, the FB400’s roll rates are limited to give the
passengers the same experience as they would have in a conventional aircraft.

One of the reasons why a large company like Boeing or Airbus has not switched its production line to blended wing
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bodies is because the current solution of aircraft works. It is expensive to change the whole production line for a
totally new design. However, if a new company is started, it is worth the risk because there is simply no plan B of the
old conventional design. All the development and manufacturing processes have to be set up anyways, so there is less
negative impact of setting it up for a different type of aircraft.

The fuel prices are expected to rise over the next years. This is not a feasibility problem for the blended wing body, but
itis an extra reason why the FB400 will fit in the market. The aerospace industry is searching for fuel efficient designs.
The FB400 shows a low fuel weight for a reference mission of 700 nmi, meaning the direct operational costs are low.

18.2.2. DESIGN
After the design has been finished, the most important and driving dimensions of the aircraft are determined and a
three-view drawing is created.
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CONCLUSION AND RECOMMENDATIONS

In this chapter the report is concluded in Section 19.1 and further design recommendations are stated in Section 19.2.

19.1. CONCLUSION

The project objective was to design an aircraft that is able to carry 400 passengers over a 3,500 nmi range. Furthermore,
the design should minimise global warming impact, the operating cost and the recurring cost on a reference mission
of 700 nmi. This resulted in the FB400, a Blended Wing Body aircraft with two GEnx-1b70 engines mounted on top of
the fuselage and a large open cabin area with a 2-class configuration.

In order to reach the design objectives while still complying with regulations some key design features were imple-
mented. The emergency exits are all located in the front of the cabin to allow direct access to the outside and easy
coordination in case of evacuation. The cabin was structurally designed based on the method of Hoogreef [34], re-
sulting in a large open section to allow for freedom in passenger configurations. The mobile services of the FB400
consist of slats on the leading edge to increase the maximum lift coefficient and multiple elevons on the trailing edge
for control of the aircraft. It also has two vertical fins with rudders next to the engines for directional stability and
control.

The FB400 design shows that it can perform the reference mission of 700 nmi with a 56% better specific air range than
an Airbus a320, which is an aircraft that is typically used on a mission 700 nmi mission. Compared to an aircraft with
the same passenger capacity like the Airbus a330 it shows a 51% better specific air range. This efficiency is reached
by having a much lower operating empty weight and better aerodynamic performance than conventional tube and
wing aircraft. Having a low specific air range also has a positive effect on the global warming impact of the aircraft.
To further reduce the global warming impact some manufacturing methods and end of life solutions have been anal-
ysed. Although not being a top level design objective the FB400 also shows improvements in noise levels compared to
conventional aircraft. This is a result of positioning of the engines on top of the fuselage and in between the vertical
tails. Furthermore, the lack of flaps and horizontal tail surfaces can be shown to reduce noise levels as well.

From the financial analysis the direct operating cost, the recurring cost and the unit cost have been estimated to be
89.6 dollar/nautical mile, 334 million dollar and 283 million dollar respectively based on a 700 nmi mission. Further-
more it has been shown that there is a gap in the market with the capacity of 400 passengers and a design range of
3,500 nmi.

To conclude, the FB400 design has shown to be able to compete with the current commercial aircraft by reducing fuel
consumption, while still being compatible with existing airports and comply with regulations. It has shown to be a
good choice to alleviate airport congestion with a fast turn-around time. Moreover, reflecting on the requirements
that have been set at the start of the design, it can be concluded that all requirements have been met.

The next steps in the design process would consist of doing a more detailed aerodynamic analysis based on CFD and
using finite element methods to design the individual structural components. To test the aerodynamic performance
and to check the controllability of the aircraft, small scale models should be made. This is followed by the detailed
design phase, in which all the parts should be able to be manufactured and tested. This is followed by assembly and
full scale testing of the aircraft. Finally, in 2029 the first aircraft should go into service.

19.2. RECOMMENDATIONS

As this is just a preliminary design, certain improvements have to be made for a final design. Below are listed the
proposed recommendations.

* A detailed estimation of the fuel weight shall be made.
* A more sophisticated stability and control analysis should be done using CFD modelling and wind tunnel test-
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ing as AVL is not accurate enough for a detailed design.

A more detailed estimation of the aircraft moments of inertia should be made.

The aircraft high lift devices and control surfaces are over designed at the moment and should be optimised.
The analysis is lacking an analysis on the loads on the nose gear due to the deployment of thrust reversers upon
landing.

A detailed analysis on the accessibility points for ground handling should be performed for operations.

A more accurate lay-out of the aircraft should be drawn including the positioning of all the systems.

A more extensive analysis on the actual rudder surface required should be performed.

The structure is over-designed because the ribs are not optimised. For future development of the design, anal-
yse the buckling conditions and optimise the structure.

Landing gear struts and retraction mechanisms should be designed in the future development of the design.
The actual noise that the FB400 produces should be measured using an actual model.

Emergency exits are not optimally positioned in the current design. An improvement could be a smart solution
to put emergency exits on the rear part of the cabin. This will improve evacuation time and safety characteris-
tics.

Estimation of the evacuation time would be beneficial for certification procedures. This could be done by
creating a simulation of the flow during evacuation procedure and estimating the evacuation time.

The cockpit needs to be redesigned such that it becomes longer and the over-nose angle is increased, the cock-
pit windows should also be increased. Packaging with radar should be considered.

In the stability analysis of the trim conditions, the thrust force should be considered in order to account for the
pitch down moment created by the engines.

The fuel economy of the aircraft should be measured.

More detailed analysis of wing structure could be done as the current analysis underestimates the wingbox
weight as in reality the wingbox structure follows the contour of the airfoil.

Global warming impact could be reduced even more if the aircraft is designed to fly at lower altitude. However,
note that this will negatively affect the aeropropulsive performance of the aircraft.
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A

APPENDIX
A.1. REFERENCE AIRCRAFT
Table A.1: Reference aircraft from Airbus and Boeing.

Aircraft Pax | Class Range (km) | Price (USD) | OEW (kg) | MTOW (N) | Max Payload (kg)
Boeing 747-8 410 | 3class | 14310 418.4 220128 4391937 76067
Boeing 777-9X 426 | 2class | 13500 442,2 181400 3448549 73500
A330-900 NEO 280 | 3class | 13400 296.4 137000 2462310 44000
A330-800 NEO 240 | 3class | 15100 259.9 132000 2462310 44000
A330-300 270 | 3class | 11750 264.2 129400 2374020 45600
A330-200 230 | 2-class | 13450 238,5 120600 2374020 49400
A330-300 270 | 3class | 11750 264.2 129400 2374020 45600
Boeing 777-300 396 | 2class | 11136 279 160530 2936819 66770
Boeing 787-9 296 | 2class | 13950 292,5 128850 2491740 52587
Boeing 787-8 248 | 2class | 13530 248,3 119950 2236680 43318
A321 NEO 200 | 2class | 7400 129,5 50100 951570 25500
Boeing 737 MAX 7 | 143 | 2class | 7130 99,7 45070 787606 20882
A320 NEO 165 | 2-class | 6300 110,6 44300 774990 20000
A319 NEO 135 | 2-class | 6850 101,5 42600 740655 17700
Boeing 777-200LR | 317 | 2class | 15843 346,9 145150 3408485 61600
Boeing 777-200ER | 313 | 2class | 13080 306,6 138100 2918966 59422
VELA3 750 | N.A. N.A. N.A. 327000 700000 137000
NACRE 750 | N.A. N.A. N.A. 309000 630000 127000
OREIO 162 | N.A. 6500 N.A. 112850 215820 45360
N2A-EXTE 262 | N.A. 11112 N.A. 101820 214000 46720
ACFA 450 | N.A. 13334 N.A. 225000 401000 50000
Regional jet 98 N.A. 926 N.A. 24820 43890 10600
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