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Summary

In the past decades, there has been an increasing awareness of the need for more environmentally-
friendly passenger aircraft. The lack of a feasible roadmap to carbon-neutral air traffic, especially for
long-range flights, using the traditional tube-and-wing form factor shows that a disruptive technology is
necessary to bridge this gap. The Flying V is a newly proposed aircraft configuration which promises
to enable a leap in long-range passenger aircraft efficiency. Integration of passengers and cargo within
the wing allows for a design which is more efficient both aerodynamically thanks to the lack of the
non-lifting fuselage, and structurally since the weight is distributed more in line with the lift distribution,
reducing the need for long load-paths.

This study aims to evaluate the entire Flying V concept, integrating several disciplines. Building
on the lessons learned from previous in-depth studies into the separate disciplines, a performance
model is constructed for the overall aircraft, resulting in an estimate of important characteristics of the
complete aircraft, mainly a 31% decrease in mission fuel burn compared to the latest generation of
long-range conventional aircraft with a maximum takeoff weight reduction of 21%.

Subsequently, a design optimisation aimed at minimising mission fuel burn is executed using the
developed performance model, resulting in an updated design for the Flying V concept achieving a
35% decrease in mission fuel burn with a reduction in maximum takeoff weight of 25% compared to
the same conventional aircraft.

This optimised design features a narrower but longer cabin as compared to the baseline Flying V,
which necessitates a modified cabin layout with 9-abreast seating in a 3-3-3 configuration instead of
the 10-abreast 3-4-3 configuration of the baseline. This adjustment distributes the payload over the
span to a greater extent, improving the match between the lift and weight distributions.

Additionally, the sweep of the inner wing is decreased, with the constraint on both inner and outer
wing sweep active. This shows that the wave drag of this configuration on both the inner and the outer
wing is an important aspect of this design in terms of impact on the mission performance.
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Introduction

The modern jet transport aircraft are true marvels of engineering, transporting hundreds of passengers
over thousands of miles in a timespan of mere hours. Aircraft have come a long way since the start of
aviation, with significant improvements in multiple disciplines. In materials, what started as wood and
fabric construction has evolved through increasingly strong metal alloys to current aircraft constructed
largely from composites. In aerodynamics, aircraft have progressed from braced bi-planes to cleaner
configurations producing less drag, to high-subsonic aircraft with supercritical airfoils and swept wings
and even to super- and hypersonic concepts. Throughout this time, propulsion technology has kept
pace, moving from heavy piston-propeller concepts via powerful but fuel-hungry turbojets to today’s
highly efficient high bypass-ratio turbofan engines.

Yet, there has been an unchanging factor in transport aircraft throughout this time. Following the
principles of George Cayley, the functions of lift, propulsion, stability and control, and carrying payload
have been carried out by distinctly separate components: wings, engines, tail surfaces and a fuselage.
There is, however, incentive to reconsider this paradigm.

In the past decades it has become increasingly clear that there is a discrepancy between the ever-
increasing growth in air traffic, which despite the short-term impact of the Covid-19 pandemic, shows
no signs of levelling off in the long un, on the one hand, and the growing concern over the adverse
environmental impact of flying on the other hand. While carbon-neutral solutions in many fields are
nearing maturity and are being deployed already, such as electric cars in combination with solar, wind
and nuclear electricity production, there is no such feasible roadmap for the near future in aviation.
Especially long-range transport aircraft face tremendous challenges in this respect due to their stringent
weight and power requirements.

Figure 1.1: Artist impression of the Flying V concept '
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Therefore, there has been an increased effort in recent years to develop radically new concepts
which have the potential of making a significant positive impact on the emissions of aircraft. These
concepts challenge Cayley’s principles by attempting to integrate many of the functions currently fulfilled
by different components of an aircraft. The aim is to increase efficiency of the concept as a whole by
reducing the weight and drag penalties associated with more components.

One of the most promising of these concepts is the Flying V, proposed by Benad [1]. This concept
features two tubular, pressurised cabins joined together in a VV shape carrying the passengers, cargo,
and fuel within the wing. The removal of the need for a fuselage improves the aerodynamic efficiency,
as well as distributing the weight of the payload over the wing, shortening load paths from lift to payload.
The highly-swept inner wing allows for the structurally efficient elliptical cabins to be fitted inside without
an excessive increase in wave drag associated with thick airfoils. An artist impression of the concept
can be seen in Figure 1.1.

Further research into a wide range of topics with regard to the Flying V concept has been performed
in the past years at TU Delft. With the increased knowledge about the Flying V concept gathered in
these previous studies, itis now possible to analyse the entire concept and refine it to find improvements
where possible.

1.1. Research Objective and Questions

This study aims to construct an aircraft performance model based on research into the Flying V, which
can both be used to evaluate the current concept and compare it to the state-of-the-art in long-range
passenger air travel, and to optimise the conceptual design in regard to the mission fuel efficiency to
find possible avenues for further performance improvements.

The research questions of this study are therefore:

* What is the mission performance of the Flying V when integrating results from previous analyses
into a single aircraft model?

» What are possible improvements to the Flying V concept with respect to the mission performance?

1.2. Report Outline

Before going into the specifics of the method used to answer the research questions, chapter 2 pro-
vides an overview of background information regarding the Flying V and related concepts, as well as a
review of previous work regarding the Flying V. Next, chapter 3 describes the methods used in building
the aircraft performance model and the setup of the performance optimisation. Chapter 4 discusses
the steps taken to ensure the validity of the developed model. Results from the performance model
evaluation as well as results for the optimisation and the ensuing configuration are presented in chap-
ter 5. Finally, the conclusions drawn from this research and recommendations for further study can be
found in chapter 6.

"Image source https:/ /www.tudelft.nl/en/ae/flying-v/
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Background

This chapter aims to provide the background information for this study, starting with a description of
the flying wing and related concepts. Subsequently, the Flying V specifically is discussed, including
different research performed for this concept, with a focus on research used in this study.

2.1. Flying Wings and Blended-Wing-Bodies
This section presents the current state of research on the subject of the Flying V and related concepts,
as well as additional background information relevant to the current research.

The flying wing and Blended Wing Body (BWB) are concepts for aircraft focused on maximising
both aerodynamic and structural efficiency by integrating the functions of creating aerodynamic lift and
carrying payload into a simple whole. A pure flying wing consists of solely a wing, while a BWB has
a distinct fuselage shape which is smoothly integrated with the wings, and usually produces some
amount of lift. See Figure 2.1 for examples of both.

(a) Example of a flying wing: the YB-49 bomber concept (b) Example of a BWB [2]

Figure 2.1: Examples of flying wing and BWB aircraft

2.1.1. Historical Context

The concept of a flying wing aircraft, and by extension the BWB and related concepts, have been
studied in different ways at different times in history. One of the first functioning large-scale flying wings
to be built was the YB-35 developed by Northrop in the 1940s, later developed into the YB-49 [3].
Since the main goal of this prototype bomber was to carry out bombing missions over Germany from
mainland United States, extraordinarily long range for its time was a driving requirement in the design.
The solution as proposed by Northrop was to remove as much drag-creating parts of the aircraft such

that all exposed skin was contributing to lift, hence improving the lift-to-drag ratio (%) and leading to an

"Image source: https://commons.wikimedia.org/wiki/File:YB49-2_300.jpg
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all-wing design. Although the expected range of the concept was promising, the project was plagued
by a combination of political and performance problems leading to its cancellation. The two main
problems with performance were poorly damped yaw, requiring sophisticated autopilots for accurate
bombing, and a design cruise speed which was overtaken by the increasing speed demands driven by
the introduction of the jet engine.

The flying wing concept saw little development in the following decades, for a more thorough look
into the historical developments the reader is redirected to a paper by Okonkwo [4]. More recently
however, interest in the concept has been renewed with several projects in different parts of the world.
Focus since then has been mostly on the BWB concept, and less on pure flying wings. An extensive
overview of BWB developments is presented by Chen et al. [5].

2.1.2. Overview of Notable Projects

One of the most notable developments was carried out at the McDonnell Douglas and Boeing com-
panies, funded by NASA Langley [6]. Carried out from 1993 to about 2002, the study consisted of
three major iterations of a large scale BWB passenger transport with an initial projected capacity of
800 passengers and a 7000-nmi range, later adjusted to 450 passengers. In the course of the project
these teams investigated a wide variety of aspects of the concept, including but not limited to stability
and control, structure, trim, and passenger comfort. In addition, a multidisciplinary design optimisation
(MDO) framework was developed and used to optimise the design. In conclusion, Liebeck notes a
possible 18% reduction in take-off weight and 32% reduction in fuel burn per seat mile when compared
to the A380-700 [6].

It should be noted that the concepts in Liebecks paper were designed for cruise Mach numbers of
0.85 to 0.95, which by today’s standards is relatively high, indicating that not all aerodynamic conclu-
sions from this paper are valid for concepts that might be currently considered. Additionally, Liebeck
assumes it to be acceptable for the aircraft to be statically unstable. While this may lead to higher
cruise efficiency, the current certification specifications [7] do not allow for this characteristic, and ex-
pecting these regulations to change can be a large risk. This means that the results noted may not be
achievable in practice.

A study into the stability of BWB was performed by Ammar [8] who considers the design of a some-
what smaller, 200 passenger aircraft. Using a low-fidelity MDO approach a design optimised for a
combination of maximum take-off weight (MTOW) and lift-to-drag ratio is found and subsequently anal-
ysed for performance and (dynamic) stability. While it finds a positive longitudinal stability, a lateral
instability in the Dutch-Roll mode in particular is found to be present.

The relaxed requirements on stability in Liebeck [6] and the result of lateral instability by Ammar [8]
indicate that stability is an important factor in the design of a flying wing or Blended Wing Body (BWB)
aircraft.

Around the same time as the work described by Liebeck, the Central Aerohydrodynamic Institute
(TsAGI) in Russia performed an investigation into an ultra-high capacity flying wing-type aircraft [9].
In this paper, several concepts for a mission of 750 passengers over 13,700km at mach 0.85 were
discussed. The main contenders were a hybrid or integrated-wing-body (IWB), a lifting-body, and pure
flying wing concept. The IWB utilises a conventional but shortened fuselage with an enlarged centre-
wing section which can also house passengers. The lifting-body configuration consists of a wide, airfoil
shaped fuselage combined with a regular wing. The "pure” flying wing concept, although more pure
flying wing than Boeings concepts presented by Liebeck, still resembles a BWB somewhat due to its
large centre-wing chords.

Following an investigation into the efficiency of the configurations in terms of fuel efficiency and
weight it is concluded that the IWB is the best concept for this mission. It should be noted, however,
that this comparison was driven in a large part by the excessive wave-drag caused by the thicker airfoil
sections of the flying wing and lifting-body concepts. Therefore, it stands to reason that, should a
solution for the mitigation of this wave drag be found or the cruise speed requirement be relaxed, the
conclusion may change.

Another notable work in terms of configuration is the concept investigated by Martinez-Val in his
papers [10, 11]. A unique aspect of this concept is what he calls the "C-flying wing” configuration. In
this configuration, atop large winglet-type vertical surfaces at the wingtips additional, smaller, horizontal
winglets are added, see Figure 2.2. This c-shaped wing configuration was first proposed by McMas-
ters [12], who presents it as a way of both increasing span efficiency factor and to obtain an alternative
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for the horizontal tail, as the sweep of both the main wing and the vertical part of the winglet causes it
to be positioned well aft of the centre of gravity.

Figure 2.2: Sketch showing the "C-flying wing configuration”, top and front views [10]

In the past decade, a notable continuation of the work described above has been proposed as a way
to reach NASA New Aviation Horizons N+2 goals [2, 13], where a BWB is considered as a possibility
for reaching more sustainable aviation. Lastly, it should be noted that BWB concepts are also being
applied in the unmanned aviation field, such as by Panagiotou et al. [14].

2.1.3. Flying V

The Flying V concept is proposed by Benad [1] as a way to achieve a high-capacity pure flying wing
passenger transport aircraft while reducing the challenges traditionally associated with flying wings
and BWBs. The two main challenges addressed by this configuration are the structural challenge of
pressurising a non-cylindrical cabin and the issue of fitting the payload (i.e. passengers) into the wing
while maintaining a sufficiently thin airfoil section to prevent excessive transonic drag.

In order to solve the structural challenge, Benad’s concept employs two cylindrical, pressurised
sections for the payload, leading to a considerably simplified structural design when compared to, e.g.
the designs presented by Liebeck [6]. In a later work by Faggiano et al. [15], an alteration was proposed
to this concept, adopting the cylindrical cabin concept proposed by Vos et al. [16].

To prevent the issue of excessive transonic drag due to thick airfoil sections, Benad proposes to
employ high sweep for the two pressurised cabins, leading to a streamwise cross-section of a lower
thickness-to-chord ratio. The outer wings extending beyond the pressurised sections were to have a
much lower sweep angle, see Figure 2.3. This sweep angle, too, was later adjusted by Faggiano [15]
to a higher sweep in order to prevent excessive wave drag on the outer wing.

Two important additional features of the Flying V are presented by Benad. The first being the
placement of the engines above the wing which would provide noise shielding and thus reduced engine
noise reaching the ground. The second is the wing area being sufficiently large to remove the need
for high-lift devices (HLDs), thus removing complexity from the aircraft both in the amount of moving
parts, and in the complexity of trimming a tail-less aircraft with deployed HLDs. In later research in a
windtunnel [17], it was found that the high-sweep inner wing also produces vortex lift at high angles of
attack, increasing the stall angle of attack.

Since the introduction of the Flying V concept by Benad, extensive research has been performed
into this concept at TU Delft. The studies into the aerodynamic and structural analyses will be explored
in more detail in the following sections since they are the starting point for the performance model in this
study. Beside these disciplines, studies were performed on engine-airframe integration [18], a study
using windtunnel data for aerodynamic model identification [19], a study on the influence of ground
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Figure 2.3: The Flying V concept as proposed by Benad [1]

effect [20] and an investigation into the stability and control of a scaled model [21]. An investigation into
the feasibility of a family of Flying V aircraft has been performed by Oosterom [22]. Additionally, studies
into the winglet integration [23, 24], landing gear [25] and cockpit design [26] have been performed.

2.2. Aerodynamics

An essential part of the design and analysis of any aircraft is the aerodynamics. For the current project
it is necessary to investigate the latest knowledge of the aerodynamics of both the Flying V and a
conventional reference aircraft, to enable a representative comparison. For the aerodynamics of the
Flying V, research was limited to the work performed for the actual Flying V project, as any work on
similar projects, however interesting, cannot be applied to the current project as for the performance
model data is required specific to this concept.

2.2.1. Overview of Work on the Flying V

As mentioned in subsection 2.1.3, work on the Flying V aerodynamics was started by Benad in his paper
introducing the concept [1]. This analysis on the initial concept used a vortex lattice method which was
unable to predict any wave drag. This analysis is not of practical use currently, both because of the
low-fidelity method used and because the aerodynamic design of the concept has since been altered.
This alteration is described by Faggiano et al. [15]. The main modification is the increase in sweep for
the outer wings, i.e. the part outboard of the kink., see Figure 2.4. The modification described in this
paper and the corresponding thesis [27] was supported by an Euler solver analysis combined with an
empirical method for profile drag. This allows the authors to obtain a much higher-fidelity estimate of the
aerodynamic characteristics of the aircraft than Benad in his work, as well as employing optimisation
algorithms to optimise the aerodynamic shape.

The work of Faggiano is a suitable starting point in collecting aerodynamic data on the Flying V
concept, finding an % of 23.7 and a Cp, of 57 counts, based on a reference area of 883.3m?. Follow-
ing this work, wind tunnel testing on a scaled model of the Flying V was performed by Viet [17] and
Ruiz Garcia [19]. The work by Viet focuses on the (mostly qualitative) aerodynamic flow characteristics,
stall behaviour and static stability. Ruiz Garcia’s work consists of developing a complete state-space
model of the Flying V scale model, including a trim routine.

The work by Viet is useful mostly in the low-speed aspects of the flight, mainly take-off and landing
performance analysis, where the high angle of attack data, especially maximum lift coefficient, is useful
to determine e.g. the minimum approach speed. One of the main important findings in this work is that
the limiting factor on the minimum speed is not loss of lift, but rather a negative stability at high angles of
attack, limiting the practical operational regime. A further investigation into this unstable pitch break was
conducted by van Uitert [28], also investigating aerodynamic add-ons to partially mitigate this effect,
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(a) Baseline configuration (b) Optimised configuration

Figure 2.4: Alteration of the aerodynamic concept by Faggiano [15]

leading to an updated maximum useful lift coefficient.

2.2.2. Models for the Conventional Aircraft

Next to the data for the Flying V, representative data must also be found for the conventional reference
concept for comparison. Although there is ample information on the aerodynamics of tube-and-wing
aircraft, detailed data for the A350-900 reference aircraft is not available, as any such data is kept
confidential by Airbus.

Therefore, an alternative is found in the NASA Common Research Model (CRM) [29]. This model
was developed by NASA as a reference for the validation of Computational fluid dynamics (CFD) codes.
As such, the model was designed to resemble a modern transport aircraft as much as possible. This
design was then extensively tested in multiple wind tunnels to obtain as objective a set of data as
possible.

2.3. Structural Design and Weight Estimation

The second important discipline in the design and analysis of an aircraft is the structural design, and
closely associated with it the estimation of aircraft weight. In order to be able to determine the amount
of fuel burnt during a mission, knowing the Operational empty weight (OEW) is essential.

s 1 . L

FLAT OR CURVED
PREESURE BULKHEAD
EQUIRED

FLOOR
STRUCTURE

BWB

CONCEPT CONCEPT

Figure 2.5: Pressure vessel structural concepts as proposed by Liebeck [6]

2.3.1. Structural Design of the Flying V

The structural design concept of the Flying V as proposed by Benad [1] was focused on cylindrical
cabin cross sections put at an angle to the freestream flow. Benad proposed two such cylinders, one
for the passenger cabin and one for the cargo, see Figure 2.6a. This configuration was aimed at struc-
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tural efficiency of the pressurised parts of the aircraft, since a cylinder naturally carries pressurisation
loads well through hoop stresses. This is contrasted by the relatively complex pressure vessel struc-
tural concepts discussed by Liebeck [6], where an air-matress like structure and a loaded sandwich
construction skin were proposed, see Figure 2.5.

In the work of Faggiano et al. [15], an alteration is proposed based on the work by Vos et al. [16],
where the two cylindrical cross-sections are replaced by one elliptical cross-section. Although this
solution is structurally less efficient than the cylinders since an elliptical cross-section is naturally less
well-suited to carry pressurisation loads, it was preferred for both the improved design flexibility it offers,
enabling the development of an improved aerodynamic design, and the more efficient use of space
within the wing. The new concept is shown in Figure 2.6b.

I R TR A |

(a) Structural concept as proposed by Benad in cross-sectional view perpendicular to

the cabin [1]
'
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(b) Structural concept as proposed by Faggiano in streamwise cross-sectional view [15]

Figure 2.6: Comparison of structural concepts by Benad and Faggiano

The oval-cabin design was expanded upon by van der Schaft [30] and Claeys [31], who also con-
sider more three-dimensional aspects beyond the cross-section, such as transitions between sections
and placement of structural components. This design features a taper in the aft part of the pressurised
cabin to ensure a fit within the aerodynamic design of the outer mold, see Figure 2.7.

[ Pressure cabin
B Fassenger cabin
W Wing spars
W Frames/Ribs

Figure 2.7: Top view of the structural concept developed by van der Schaft [30]

2.3.2. Weight Estimation
The work by Claeys [31] provides a finite element method (FEM) analysis on both a conventional
aircraft and the Flying V, based on the structural concept developed by van der Schaft [30]. Although
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FEM weight is not total structure weight, this provides a good starting point for a representative weight
estimation of the Flying V, finding a FEM weight of 24.7t for the Flying V and 29.8t for a reference tube-
and-wing configuration, both based on a MTOW of 260t, giving a reduction in FEM weight of 17%. A
lower fidelity, but still physics-based, structure weight analysis for the inner wing structure, mainly the
oval fuselage, was developed by Oosterom [22]. The combination of data from these studies provides
sufficient basis for a representative structure weight estimation.

For conventional aircraft, more established methods are used, such as Class |l weight estimation
methods. The method used in this study is the Torenbeek method [32]. The method divides the aircraft
into parts and systems in order to use empirical relations to estimate the component masses of each
part or system. Because of this subdivision it is also possible to employ parts of this method for the
estimation of system and component weights of the Flying V for systems and components whose weight
is not dependent on the changes in concept between the conventional aircraft and the Flying V.






Methodology

To find where improvements to the existing Flying V concept are possible, multidisciplinary design
optimisation (MDO) is employed. This method integrates all the analyses used in the various disciplines
involved in a product into a single automated design loop, to which an optimisation algorithm can then
be applied to find the design which is best suited to the specified objectives.

To aid in the process of integration, the knowledge based engineering (KBE) platform ParaPy' is
used. This platform provides the functionality to construct a central product model which can be used
as input to all the discipline analyses, which ensures consistency between them. This product model
consists of the aircraft geometry, but also other system characteristics such as the weight and engine
thrust. An overview of the complete analysis including optimisation can be found in Figure 3.1.

Because optimisation algorithms require many evaluations of the objective function to reach the
eventual optimum, it is not possible to employ very computationally expensive methods such as the
finite element method (FEM) and computational fluid dynamics (CFD) used by aircraft OEMs for their
final designs, as these take a long time on an extensive computational infrastructure to complete just
one analysis. Instead, MDO often employs analyses which are simplified using assumptions based on
knowledge of the system in question. However, since the Flying V concept is still in an early phase
where such fundamental knowledge of the intricacies involved in its design are not well known, it is not
always safe to assume such methods will work for this design.

Therefore, the data from previous research into the Flying V is used, augmented by methods based
on first principles which are widely applicable. This results in an analysis which captures the essence
of the complete aircraft design which is fairly accurate as long as the deviation from the designs used
in the previous research is not too large.

Since for this study the topic of interest is the design concept, a single design is evaluated instead
of a complete family such as has been done by Oosterom [22]. The variant chosen is the largest family
member, the -1000, since in a product family design the largest member usually drives most sizings
of common components. Therefore, it is expected that this variant will be closest to a version which is
optimised as part of a family design.

Three configurations are modeled in this paper:

» Conventional: Tube-and-wing reference aircraft modeled to closely resemble the Airbus A350-
1000. The inputs used for this model can be found in Appendix A.

» Baseline: Flying V configuration before optimisation, based on the Flying V-1000 resulting from
the study by Oosterom [22]

» Optimised: Flying V configuration resulting from the optimisation in this study

"http:/ /www.parapy.nl/
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Figure 3.1: Extended design structure matrix of the research setup
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3.1. Loading Diagrams

One of the driving requirements in many aircraft designs is the ultimate load factor, as many parts of
the structure of the aircraft will be sized based on this number. The load factor is determined using
loading diagrams, which visualise the load factor the aircraft is expected to experience in a number
of predetermined situations, such as when experiencing a gust while flying at cruise speed. These
situations are laid out in the relevant certification standards, which for aircraft such as the Flying V is
the CS-25 standard [7].

Usually for large, long-range passenger aircraft the maximum load factors (both positive and neg-
ative) are determined by the minimum values established in CS-25, being 2.5g positive and 1.0g neg-
ative, as the gust loadings are usually well within these limits. For the Flying V, however, this may
not be the case as the concept inherently has a much larger wing area than a comparable conven-
tional aircraft. Therefore, the loading diagrams for the Flying V as well as the reference aircraft were
constructed, see Figure 3.2.

It can be seen that, contrary to the expectation set by the larger wing area of the Flying V, the
gust loading lines are even further within the minimum values than for the reference aircraft. This can,
however, be easily explained by looking at the Flying V lift slope, C;,, which is much lower than it is

for the reference aircraft. The Flying V has a lift slope of about 2.7& as determined from windtunnel
results by Viet and van Uitert [17, 28], while for a typical conventional aircraft with high aspect ratio
wings we can expect a value closer to 5% [33].

The result in Figure 3.2b shows that the maximum load factors of 2.5g and —1g can be used in this
stage of the design. However, for a more detailed stage of the design it must be noted that the gust
loading of the Flying V may not satisfy the assumptions used for the conventional design method, as
there may be appreciable delay between the time when a vertical gust hits the nose of the aircraft and
when it reaches the outer wings. A conventional aircraft will experience little if any delay since its wings
are relatively perpendicular to the airflow.
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Figure 3.2: Loading diagrams

3.2. Weight Estimation

The weight estimation of the conventional aircraft follows the Class Il weight estimation described by
Torenbeek [32] with a few alterations to more closely match data published for the Airbus A350.
For the fuselage weight, the following equation is used:

/ i
Wiuselage = Kckprkws |Vb by + hfsé'z (3.1)

Where k. is a correction factor of 1.1 added to match the data published for the Airbus A350, k,, is a
factor of 1.08 for pressurised fuselages, ks is a constant of proportionality, 15 is the dive speed, [ is
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the tail length, b; and ks are the fuselage width and height, respectively and S;; is the fuselage gross
shell area.
For the furnishings weight, the following equation is used:

Wiurnishings = 0.196MZF* (3.2)

Where the exponent was changed from 0.91 to 0.93 to match validation data presented by Basgall [34]
For all fixed equipment, the following equation is used:

Weixed equipment = kte (Wsurface controls tWAPU *FWinstruments TWhydraulics T Welectrics T Wrurnishings T Wairco icing +V‘En§|s§;
Where ki is a correction factor of 1.1 added to match the model of the conventional aircraft to the
weight of the Airbus A350.

For the engine weight approximation, a rubber engine sizing procedure was used, meaning that
instead of choosing from a discrete set of available engines, the engine is allowed to “stretch” with
the design. This means that an estimation is necessary to obtain the engine weight of this stretched
engine. Roskam’s part V [35] provides a set of data with a trendline for engine weight versus takeoff
thrust, based on data from Jane’s All the World’s Aircraft, 1985 version [36]. For the engine weight
estimation in this study, it is assumed that the slope of this relation on the logarithmic axes, i.e. the
exponent of the equation, is also applicable to modern engines. The equation is then adjusted to
correspond to state-of-the-art engines by making sure it passes through the data for the Rolls Royce
Trent XWB-97 engine, 97000Ibf of thrust at a weight of 16640Ib. This results in the following equation:

rige
Wengine = 42 (3.4)

For the wing weight prediction the method of Torenbeek’s Appendix C was used, as this method
separately estimates the weight of the HLDs, allowing for a calculation without them which will be used
below in the Flying V structure weight estimation. This detailed method is based on a root bending
moment estimation, and as such requires the total wing weight as an input, as any weight in the wing
will act as bending moment relief by countering lift. Since wing weight is both input and output, an
iterative procedure is needed, visualised in Figure 3.3 for the case with HLDs included. The iteration
loop for the case without HLDs is similar but omits the blocks for flaps and slats.

For the estimation of the weight of the Flying V, a combination of methods is used. For most weight
groups it is safe to assume that their weight does not differ significantly from the weight of equivalent
groups in the conventional aircraft. For these groups, the same method is used as for the conventional
configuration.

A more challenging part of the weight estimation process for an unconventional configuration such
as the Flying V is the structure weight estimation, since existing handbook methods such as the Toren-
beek Class Il method are not always valid. Therefore, results of previous studies into the Flying V are
combined with conventional methods. An overview of this combination is shown in Figure 3.4.

The FEM analyses performed by Claeys [31] for both the Flying V and a conventional reference
aircraft are combined with the structure weight estimation from the Torenbeek Class Il weight estimation
to obtain a baseline value of the total structure weight. It is assumed that the weight savings for the
Flying V FEM weight as compared to the reference aircraft FEM weight are only reflected in the primary
structure weight, not in the secondary structure weight. Therefore, the value obtained from the Class
I weight estimation for the structure weight of the reference aircraft is split into primary and secondary
structure using a value of 60% primary structure based on Droegkamp [37], see the following equation:

We = 0.60wg (3.5)

Where wy, is the primary structure weight. The secondary structure weight logically follows as 40% of
the total structure weight.

Since FEM weight is much smaller than actual primary structure weight a conversion factor is
needed. This conversion factor is obtained by comparing the FEM weight for the reference aircraft
with a Class Il structure weight estimation performed for the same inputs as the FEM model, with the
important difference that HLDs are not included since the Flying V does not feature any. The resulting
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Figure 3.3: Wing weight iteration loop for the conventional aircraft

calculation is shown in the following equation:

w! 0.60w,
( st ) — ( st) (3.6)
WFEM FV WFEM conv-HLDs

Where the hat operator indicates that the configuration is the one used for the FEM analysis.

Combined with the Flying V FEM weight this gives the estimated primary structure weight. The
secondary structure weight is assumed equal to that of the conventional aircraft since FEM analysis
only considers supporting structures. Combining this gives the total structure weight for the Flying V
configuration considered in the FEM analysis:

0.60wey

WFEM )conV-—H\LDs

Wstﬁ/ = WFEMﬁ/ < + 0.40 (WSt)conmLDs (37)

However, for the optimisation in this project, changes in both weight and geometry must be taken
into account. For the changes in weight this is achieved by assuming the structure weight will scale
with the maximum zero fuel weight (MZF), i.e. the structure will be a fixed percentage of the MZF:

0.60Ws

WFEMA( )  4+0.40 (Wep) oo
5 = MZFgy PV \ wrem /conv-HLDs st/conv-HLDs

Stev MZF g,

(3.8)

Where the star indicates that the weight of this configuration differs from the weight used in the FEM
analysis.

To account for the effect of changes in geometry on the structure weight, the fuselage weight esti-
mation method developed for the Flying V by Oosterom [22] was used to adjust the percentage of MZF
found above. This method requires a simplified loading as input, for which the weight groups presented
in this section are used. The outer wing weight is estimated for this purpose with the same method as
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the conventional configuration without HLDs. To get an estimate for the aerodynamic loads, the Athena
Vortex Lattice (AVL) program by Drela [38] is run for the cruise condition.

This fuselage weight estimation method is executed for the currently evaluated design point. The
value for fuselage and outer wing weight are then compared to a baseline value. The resulting ratio is
used to adjust the primary structure weight percentage of MZF, see the following equation:

0.60ws

WEEMg, ( ) - -
Wet.,, = MZFgy Whus T Wwoy PV \ wrem /convaHLDs 0.40 (WSt)conv-HLDs
stpy ™ A ~ —
Wius + Wiy, MZFW MZFFV

(3.9)

The inputs for this method are not known for the configuration used by Claeys however, so to obtain
the baseline value the fuselage weight estimation method is executed for the known inputs of Claeys’
configuration, after which the overall performance model is used to iteratively find a baseline value for
which the structure percentage of MZF matches the value found above.

3.3. Aerodynamics

For the current study, the aerodynamic data needed are the cruise phase performance and the max-
imum lift coefficient (since the Flying V has no High-lift devices there is only one C;,__ ). The cruise
performance is needed for the mission fuel burn analysis, while the maximum C;, is used for the stall
speed, approach speed and climb gradient evaluations.

For the cruise performance, data from the thesis of Faggiano [27] are used, as they represent
an aerodynamically optimised, full-scale aircraft. From this data, an approximated drag polar is con-

structed: )

Cp = Cpy + L 3.10
b =Cpy + (3.10)
Where Cp,, is the zero-lift drag coefficient, A is the aspect ratio and e is the Oswald efficiency factor. In
order to account for changes in the geometry during the optimisation, this drag polar must be altered
based on the design changes.

It is assumed that the Oswald efficiency factor remains unchanged, as it is expected that aero-
dynamic optimisation during further design can result in a span loading similar to that achieved by
Faggiano. The zero-lift drag coefficient, Cp, , is assumed to be dependent mostly on the wetted area,
see the following equation:

G, = G, L

Po ™ =Po gw/gref

Where §,, is wetted area, S is reference or planform area, and the values with a hat are the baseline
values from Faggiano’s thesis. The aspect ratio is simply calculated from the new geometry.

The method above would be sufficient for an aircraft operating in incompressible flow. However, the
Flying V is designed to operate at a high-subsonic Mach number of 0.85, where compressibility effects
are a significant part of the aerodynamic performance. To ensure designs are only chosen if they are
not expected to suffer from excessive compressibility drag, the relation in the following equation from
Torenbeek [39] is used:

()
w

cos Ay

(3.11)

N 1.5
11¢
+0.10 {—L} =M* (3.12)

M A
dd Cos Ay, + (cos Ay)?

This equation relates the diag divergence Mach number, M 44, to the mid-chord sweep, A,,, the average
thickness-to-chord ratio, (%) , and the wing lift coefficient, éL. The last value, M*, represents an airfoil

technology factor which is co“ﬁstant for a given generation of airfoils.

For application to the Flying V design, this relation is applied for both the inner and the outer wing,
separately, as a constraint to the optimisation. The value for My, is related to the required cruise
speed from the mission specification, being 0.03 higher than the cruise Mach number. The value for
M* is found by applying Equation 3.12 to the design resulting from Faggiano’s work, as this gives an
approximation of the technology factor which can be expected of the inner and outer wing airfoils. The
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resulting values of M* are 0.91 for the inner wing and 0.93 for the outer wing, which is close to the value
stated by Torenbeek of 0.935.

For the reference aircraft evaluation, a drag polar similar to that of the Flying V is constructed. Since
no input data is available for the zero-lift drag, Cp,, this has to be estimated using analytical methods.
The method used is a combination of flat-plate skin friction coefficient, Cr, based on the von Karman-
Schoenherr curve found in Obert [40] with form factors which capture the contribution of pressure drag.
The relations for the form factor of lifting bodies and bodies of rotation are found in Hoerner [41]. For
the fuselage form factor, figure 40-20 from Obert [40] is used instead. The nacelle form factor relation
was changed after validation to use the method proposed by Raymer [42], see section 4.2

3.4. Engine Inputs
The fuel burn model and constraint calculations used in the optimisation require only basic information
about the engines; specific fuel consumption (SFC), maximum takeoff and continuous thrust and the
engine weight. The specific fuel consumption is 15 g/kN/s, slightly higher than the cruise fuel con-
sumption of the Rolls Royce Trent XWB engines used on the Airbus A3502 to account for off-design
conditions performance. Although it can be expected that a newer generation engines with lower fuel
consumption will be available for the Flying V, the values for the Trent XWB are more certain and pro-
vide a better comparison of the Flying V concept with the tube-and-wing concept using current aircraft
for comparison. The takeoff thrust is set as a design variable, since the required thrust is dependent
on the aerodynamic performance and weight of the configuration being calculated. The maximum con-
tinuous thrust is taken as a fixed percentage of 90% of the takeoff thrust, in accordance with the Trent
XWB data.

In reality, both thrust and fuel burn characteristics of engines change with altitude and Mach number.
For simplicity, in this study these differences are not included and constant values are used.

3.5. Mission Performance Analysis

The analyses described above are combined into a mission performance analysis. For the calculation
of the mission fuel burn, the fuel fractions method as described by Roskam [43] is applied to the mission
profile shown in Figure 3.5.

1. start & warm-up 4. climb 7. loiter
2. taxi 5. cruise 8. diversion
3. take-off 6. descent 9. landing, taxi, shut-down

Figure 3.5: Mission profile

For the cruise, diversion and loiter phases the Breguet range and endurance equations are used
to determine the fuel fraction, while for the other segments Roskam lists fixed fuel fractions based on
empirical data. For simplicity, it is assumed that the cruise strategy used is a continually climbing cruise,
which ensures that the aircraft flies at its maximum L/p at all times. This can result in altitudes during
cruise which exceed the service ceiling of the aircraft, which means the cruise performance in this model
will be slightly better than in reality. For the Flying V model in this study the service ceiling refers to
the altitude at which the design maximum pressure differential between the cabin and the outside air is
reached, meaning that above this altitude proper cabin pressurisation cannot be achieved. Additionally,

2https:/ /en.wikipedia.org/wiki/Rolls-Royce_Trent_XWB (visited on 20-8-2021)
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the engine performance does not take the difference in altitude into account, rather simply relies on the
inputs described in section 3.4.

For the shorter segments, the fixed fuel fractions listed by Roskam are not representative for a very
long range mission such as the design mission of this study, since relatively much more fuel is used
during cruise, which means the shorter segments which do not change with range must have lower fuel
fraction values. Therefore, the climb fuel fraction is calculated using the Breguet endurance equation
and the other fixed fuel fractions are adjusted with the same percentage with regards to the values
listed by Roskam.

To calculate this climb fuel fraction, the Breguet endurance equation is used. However, for this
equation the time to climb must be known. To obtain this time, the weight at the top of the climb, w is
calculated first. Assuming the weight at the end of the mission, wy, is equal to the OEW plus the payload
weight and reserve fuel, the segment weights can be calculated backwards through the mission:

Wo

Wioe = i=5 w;
- L
Hi:g (Wi—1 )

This weight can be used to calculate the altitude for the top of climb, hiy, as it is assumed that the
entire cruise segment is flown at the maximum 5 giving a constant C;. The climb is flown at the

(3.13)

2
maximum steady rate of climb, i.e. the C, at which % is maximum is chosen. Since this means flying
D

an accelerated climb, the altitude is discretised into n segments, for each of which the rate of climb is
calculated using the following equation:

RC, = 4 L (3.14)

Where T is the maximum continuous thrust, D is the drag calculated for this segment’s altitude and
airspeed, and V is this segment’s airspeed. Using this rate of climb, the time used and the horizontal
distance covered for this segment can be calculated. These are then summed to obtain the time to
climb, tyimp and the climb segment range credit, dgjimp:

n
Lelimb = Z Rré' (3.15)
s l

n
delimb = z ti«,‘/zz —RC} (3.16)
i=0

Where t; is the time used for segment i. The fuel fraction is then calculated using Breguet’s endurance
equation. The resulting fuel fraction for climb is compared to the listed fuel fraction in Roskam of 0.97.
This reduction is then also applied to the other fixed fuel fractions, resulting in the values in Table 3.1.

Table 3.1: Adjusted fuel fractions used for the mission performance analysis

Segment Fraction
Warmup 0.9965

Taxi  0.9965
Takeoff 0.9983
Climb  0.9899

Descent 0.9965
Landing 0.9972

3.6. Optimisation

The analyses described above result in a complete model of the aircraft which can be optimised for
a certain objective. This section discusses the setup of the optimisation, including the requirements
which are input to the aircraft model, the design variables and the constraints.
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The optimisation algorithm used is the differential evolution algorithm [44] as implemented in the
Python package SciPy [45]. This is a genetic algorithm which is capable of working with irregular and
non-differentiable cost functions, as well as being able to utilise parallel computing efficiently. These
aspects make it a suitable choice for this study.

Table 3.2: Design variables with their bounds

Design variable Symbol Lower bound Upper bound

Takeoff thrust Ttg 360kN 500kN
Inner wing sweep A, 60° 70°
Outer wing sweep  Agyt 30° 45°
Outer span (as % of total)  bg 25% 50%
Length 1 (as % inner wing) L, 60% 85%
Chord 1 (as fraction of oval width) ¢, 1.08 1.5
Taper ratio 4 0.05 0.3
Cabinwidth 1 w, 5m 8m
Cabin width 3 (as % of w;) ws 60% 100%
Crown height 1 H., 0.5m 0.8m
Keel height 1 H,, 0.3m 0.6m
Crown height 3 H, 0.5m 0.8m
Keel height 3 H,, 0.3m 0.6m
Outer wing thickness to chord ratio Eout 7.5% 11.5%

The choice of the design variables is an important part of setting up a design optimisation system as
every design variable adds a dimension to the design space and therefore increases the computational
time needed for the optimisation. However, sufficient design variables must be chosen to ensure the
optimiser has the freedom to find new design optimums. Additionally, defining the design variables well
can prevent infeasible designs such as impossible geometries to be considered by the optimiser.

With these considerations in mind, the chosen design variables are presented in Table 3.2 along
with the bounds set on them for the optimiser. A visualisation of the variables is shown in Figure 3.6.

For the objective function, the total mission fuel burn is chosen. Although there are other metrics
to consider if the goal is to minimise global warming impact, as investigated by Proesmans [46], this
is outside the scope of the current study. The fuel burn is considered an adequate metric as many of
the impacts correlate roughly to the fuel burn, especially for a given engine. Additionally, the fuel burn
represents the total energy used for the flight, which can become a more important characteristic when
alternative energy sources are considered in the future, such as hydrogen. The optimisation can be
mathematically described as follows:

mir% Wruel (%)
rer A (3.17)
st g <0

To initialise the aircraft model, certain aircraft requirements must be supplied which define what the
aircraft is designed to accomplish. The main requirements are presented in Table 3.3, these require-
ments are based on Oosterom [22] to ensure a fair comparison between the baseline and optimised
configurations.

Table 3.3: Requirements for the Flying V model

Requirement Value  Unit
Passengers 378 [-]
Of which business 52 [-]
Cruise Mach  0.85 [
Designrange 15750 [km]
Design payload 32 [103 kg]

The design range and payload were based on the payload-range diagram of the reference aircraft,
A350-1000 [47]. The point on the diagram is chosen to be the maximum range where the total weight
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(a) Planform

(b) Cross section

Figure 3.6: Design Variables

is equal to the maximum takeoff weight (MTOW), meaning the fuel tanks are full. This point is deemed
the most relevant since it is completely defined by aircraft performance and fuel tank size, as well as
being the point close to which most missions are flown.

In addition to the requirements above, constraints which relate to operational requirements are
needed to ensure the optimisation results in a feasible design. First, four performance constraints are
defined, which are shown with their requirement values in Table 3.4.

Table 3.4: Performance constraints

Constraint Value Units
Approach speed 147 [kts]
Takeoff distance 3000 [m]

Cruise Mach 0.85 []
Climb gradient (OEIl) 2.4 [%]

The Flying V has only one stall speed, due to the lack of HLDs, therefore there is only one re-
quirement on the stall speed, which is set by the approach speed, V;,, as it is the slowest airborne
phase of a flight. The requirement for the approach speed is set at 147kts, since this is the approach
speed of the reference aircraft, the Airbus A350-1000. The stall speed requirement is set lower, since
flying an approach exactly at stall speed is unadvisable. The regulations in CS-25.125 [7] specify that
the approach speed must be at least 23% higher than the stall speed, which means the stall speed
requirement is 120 kts. The maximum lift coefficient, ¢, used in this calculation is 0.95, which is
the maximum useable lift coefficient of the Flying V before an unstable pitch break occurs [28]. The
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resulting constraint function is shown in the following equation:

o Wiandi
g1(®) = |[—5—-120  [kis] (3.18)
CLmaXEpS

The takeoff requirement is defined in terms of the takeoff parameter (TOP) presented in the following

equation:
wwil 1

R T

(3.19)

Where (., is the takeoff lift coefficient, defined as €, = Ci% and g is a correction factor for takeoff at
altitude, which is zero since the requirement used is based on the reference aircraft's takeoff distance
at sea level. The TOP is related to the takeoff distance by a graph in Raymer [42]. However, applying
Equation 3.19 to known data of the A350-1000 results in a significantly higher TOP than would be
expected using this graph. Therefore, the value calculated for the conventional aircraft is used as the
requirement, resulting in the following constraint function:

kg2
m2N

(3.20)

The requirement for cruise speed limits the continuous thrust produced by the engines to be at least
sufficient to overcome the drag for the cruise Mach number at the top of climb, as this is the highest
drag encountered during cruise. Therefore the requirement is simply equal to the cruise Mach number
above. The constraint function is shown below.

93 (3?) = Dioc — Teont [N] (3.21)

Where Dy is the drag at the top of climb and T, is the maximum continuous thrust of both engines.

The climb gradient requirement is specified by CS-25.121 [7] at 2.4% for the one engine inoperative
situation. To approximate this scenario, this calculation is performed with the (takeoff) thrust of one
engine. However, additional drag due to the inoperative engine and any trim required to counteract the
yawing moment induced by this asymmetric situation is neglected. This leads to the following constraint
function:

1
=Teont C
SN _ 2 _ D
g4(x) = 0.024 MTOW <_CL >min (3.22)

In addition to the performance requirements, several geometrical constraints must be met for the
aircraft to fulfil its mission, listed in Table 3.5.

Table 3.5: Geometry constraints

Constraint  Value Units
Passenger cabin area 309 [m?]
Cargo bay volume 250 [m3]

Fuel tanks volume Determined by fuel burn  [m3]

The passenger area constraint calculates a minimum area needed in the passenger cabin to fit
sufficient seats for all passengers, as well as aisles, galleys and toilets. This area is calculated using
the method developed by Oosterom [22] and used to position the rear end of the passenger cabin in
the ParaPy model. If the ceiling height at this end is at least 1.9m, the requirement is met. This is
only relevant if the cabin extends into the tapered part of the oval fuselage, as the ceiling height in the
untapered part is set at 2.25m.

The cargo volume constraint considers the part of the cabin aft of the area needed by the passen-
gers. Based on the cargo volume of the reference aircraft, and using an assumed 80% usable space
of the total volume, a value of 250m3 is set as the minimum volume of this compartment, as calculated
by ParaPy.
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The fuel is located in the aft part of the inner wing, behind the passenger cabin and cargo compart-
ment, as well as in the outer wing between the front and rear spar. The volume of these locations can
be calculated using the geometrical capabilities of ParaPy and related to the calculated total mission
fuel burn to ensure there is sufficient space for the fuel.

A visualisation of the three geometry constraints is shown in Figure 3.7. Note that the interruption
of the inboard fuel tanks caused by the engine and landing gear structure is moved to the centreline
for ease of calculation, as this part is not tapered the volume does not change by this shift.

Figure 3.7: Geometry constraint shapes as defined in ParaPy, cabin floor in red, cargo volume in green and fuel tanks in blue

Finally, the compressibility correction discussed in section 3.3 is also added as a constraint to the
optimisation:

T
@=M Ay + (E)W +0.10 116, )" M* (3.23)
9s(*) = Maq cos Ay cosA,  |(cosAy)? ’

Where M* is 0.91 for the inner wing and 0.93 for the outer wing, as discussed in section 3.3.






Verification & Validation

This chapter describes the process of verifying and validating the developed performance model. Sec-
tion 4.1 discusses the weight estimation method, section 4.2 is concerned with the aerodynamic model,
section 4.3 looks at the entire mission performance analysis and in section 4.4 a sensitivity analysis is
performed.

4.1. Class Il Weight Estimation

For the validation of the Class Il weight estimation, data from Roskam [35] is used, as well as data
from a comparative study of weight estimation methods by Basgall, Lui, Cassady and Anemaat [34].
Roskam provides data for most weight groups used in the estimation, based on a variety of reference
aircraft. This allows for the comparison of individual weight groups against this reference data. In this
section, several weight groups of interest are highlighted: groups for which the relations were edited
and higher-level weight groups which give an indication of the validation of the weight groups of which
they are composed.

Two weight groups for which the relations were edited with respect to the original method are the
fuselage and the furnishings, these are shown related to the reference data in Figure 4.1a and Fig-
ure 4.1b. The data for the fuselage in this graph shows good correspondence with the reference data.
As can be seen in the graph, the furnishings weight is lower than the reference data, but is deemed
acceptable since the method matches the data presented by Basgall et al. [34]. Furthermore, the to-
tal fixed equipment weight shown in Figure 4.1e includes the furnishings weight, and it shows a good
correspondence with the reference data.

The empennage weight is slightly lower than expected for an aircraft of this weight, with a weight of
4.2t for both variants since the tail surface configuration is identical between them. However, as shown
in Figure 4.1c, it matches the reference data well when compared to the total empennage area. This
indicates that the Airbus A350 has a relatively small empennage, and that the method does not need
any adjustments.

Since the more extensive estimation method from Torenbeek’s appendix C [32] was used, the wing
weight estimation is examined closely as well. The result is shown in Figure 4.1d, showing a good
match with the reference data.

The end result of the weight estimation, the total empty weight of the conventional aircraft model,
shows good correspondence with the reference data, see Figure 4.1f. This empty weight value can
also be compared to the empty weight of both Airbus A350 variants for a more specific validation. The
empty weight for the A350s is derived from their payload-range diagrams, see Figure 4.2. The empty
weight of an aircraft can be deduced from the payload-range diagram when the fuel tank volume is
known, as this gives the total fuel weight when tanks are full; i.e. at the design point indicated in the
graph. When the maximum fuel weight and the payload at this point are subtracted from the MTOW,
this gives the operational empty weight (OEW).

The correspondence between the model and the published data is very good, with an OEW of
142t for the A359 versus 144t for the corresponding model, and 157t for the A351 versus 156t for its
corresponding model.
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(e) Fixed equipment weight

(f) Empty weight
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Figure 4.1: Validation data for the major weight groups of the conventional aircraft model, both variants
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Figure 4.2: Payload-range diagram for the conventional aircraft model compared to the data for the Airbus A350

4.2. Aerodynamic Model
For the aerodynamic analysis, two main points are important in the validation: the zero-lift drag and the
Oswald factor.

For the zero-lift drag, Cp,, the data modeled for the conventional aircraft are compared to a wind-
tunnel test performed on the NASA Common Research Model (CRM) [29, 48]. This data is shown in
Table 4.1. The test run used was performed at a Mach number of 0.85 and a Reynolds number of 30
million, which are representative flight conditions for this aircraft. However, the wind tunnel model did
not have a vertical tail or nacelles for this run. Therefore, the Cp,, of the modeled aircraft without these
contributions is compared to the wind tunnel data. With a value of 123 drag counts for the wind tunnel
test against 119 drag counts for the model, the zero-lift drag is deemed validated.

Table 4.1: Aerodynamic model validation data for aircraft without vertical tail and engines

Metric NASA CRM A351 model A359 model
Cp, 123 119 126
e 0.753 0.75 0.73

The Oswald factor is also compared to the NASA CRM. At the lift coefficient flown for %max it was
calculated to have an Oswald factor of 0.753, very close to the 0.75 found for the A359 model. This
was deemed satisfactory validation for the aerodynamic model, also for the Oswald factor of 0.73 found
for the A351 due to its larger fuselage.

4.3. Mission Analysis

The entire mission analysis can be validated using the payload-range diagrams for the A350, shown
in Figure 4.2. The slopes of the payload-range diagram are an indication of overall efficiency of the
aircraft, a combination of aerodynamics, weight and engine efficiency. With the aerodynamics and
weight validated, a good match in slope between the model and the data published by Airbus [47]
indicates a mission performance analysis model which is close to reality. As the slopes in these graphs
are very close to the published data, the mission analysis method is deemed validated.

4.4. Sensitivity Analysis

In this section, the impact of important assumptions made in the development of the performance model
on the fuel burn of the Flying V is investigated. Firstly, since the aerodynamic loading input of the inner
wing structure weight calculation is based on a single situation evaluated with AVL, the centre of gravity
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Figure 4.3: Sensitivity analysis data of three assumptions

in this situation has an impact on the loading and thus on the structure weight. A range of locations of
the centre of gravity from 25% to 40% of the mean aerodynamic chord is evaluated for the model of
the Flying V to obtain the mission fuel burn, the result is shown in Figure 4.3a. The result shows that
a more forward centre of gravity yields a lower fuel burn. This is to be expected since a forward shift
in weight distribution results in a forward shift in lift distribution for equilibrium, which for the Flying V
also means a shift inboard resulting in lower bending loads. The impact on aerodynamic efficiency of
this change in lift distribution is not taken into account. Since the total change in fuel burn is limited to
about 2%, the impact of the centre of gravity is not deemed a problem for the validity of the model.

The second assumption for which the sensitivity is analysed is the rubber engine weight estimation
described by Equation 3.4 in section 3.2. Since the exponent of this equation was derived from a figure,
it should be checked for impact on the overall model. To do this, the exponent is changed from 0.9 to
1.1. However, before application the equation is still tuned to match the Rolls Royce Trent XWB data
so that it represents modern engines. As can be seen from Figure 4.3b, the impact of this exponent
on the fuel burn is very minor. This is to be expected since the bounds on the takeoff thrust in the
optimisation are close to the value for the Trent XWB engine for which this formula is tuned.

Finally, the assumption that 60% of the structure weight of the conventional aircraft is comprised
of primary structure and 40% of secondary structure is evaluated. This fraction is based on a study
by Droegkamp [37], who states that the actual primary weight percentage may vary from 40% to 80%.
Therefore, this range of percentages is input into the model, resulting in Figure 4.3c. This figure shows
a decrease in fuel burn with an increase in primary structure percentage, which is logical since the
decrease in FEM weight described by Claeys [31] was only applied to this primary structure and not to
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the secondary structure. The minor impact of under 2% of the total fuel burn shows that this assumption
does not considerably impact the validity of the model.






Results and Discussion

This section discusses the results of the analysis of the baseline Flying V, as well as the analysis of the
design resulting from the design optimisation. Section 5.1 presents the results of the baseline design
and section 5.2 gives discusses the geometry and performance results of the optimised configuration.

5.1. Baseline Design

The performance analysis model described in chapter 3 is applied to the baseline aircraft, which is the
-1000 variant of the Flying V design as presented by Oosterom [22]. Important metrics resulting from
this calculation are presented in Table 5.1, the payload-range diagram is presented in Figure 5.1.

In comparison to the analysis performed for this baseline design in the original study by Oost-
erom [22], the current analysis model shows markedly improved performance in mission performance.
Although the OEW is unchanged, the total fuel burn is 16% lower thanks to the higher lift-to-drag ra-
tio used in the current model. The aerodynamic analysis performed by Oosterom employs the vortex
lattice method AVL with the parameterised geometry as input, combined with a viscous module since
AVL uses non-viscous calculations. This geometry-based approach is very suitable for the compar-
ison between family members as performed by Oosterom. However, the geometry is based on the
geometry parameterisation by Hillen [49], which was identified by Hillen to be less aerodynamically
efficient than the optimised geometry by Faggiano [27], and no in-depth aerodynamic optimisation was
performed to mitigate this. Therefore, the method used in the current study, based on the optimised
results by Faggiano, is deemed to better represent the potential of the concept of the Flying V since
it can be expected that aerodynamic optimisation such as performed by Faggiano will be part of the
further development of the aircraft.

Compared to the conventional reference aircraft, a fuel burn saving of 31% is achieved, with a 21%
reduction in MTOW. The payload range efficiency (PRE), shown in Table 5.1 shows a similar trend,
since the design missions of all configurations are nearly equal. Payload range efficiency is defined by

the following formula [50]:

Wp| ‘R

PRE (5.1)

Wrgel
The payload-range diagrams show differences in harmonic range and ferry range. The aerodynamic
efficiency of the Flying V concept is higher than that of a conventional aircraft, a consequence of this is
that the slope of the payload-range diagram will decrease, since less fuel is needed for a given increase
in range and therefore less payload needs to be removed. For the given design point this means that
the harmonic range will be decreased and the ferry range increased.

5.2. Optimisation Results

This section presents the results for the optimised configuration, starting with the resulting geometry,
followed by the mission performance results and a discussion regarding constraint compliance.

"Personal communication with R. Vos, value obtained using method from Oosterom [22]
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Table 5.1: Performance metrics for the conventional, baseline and optimised configurations. Original data for the baseline design
are found by Oosterom [22].

Metric A351 model Baseline Optimised  Unit
Original data Modeled
MTOW 315 266 248 237 [103 kg]
OEW 156 129 129 122 [103 kg]
Fuel (design mission) 127 103 87 82 [103 kg]
Payload Range Efficiency 3.97 5.08 5.79 6.15 [103 km]
Structure weight 60 56 50 [103 kg]
%max 19.3 20.6 235 23.9 []
Cp, 147 54! 56 56 [drag counts]
Oswald factor 0.73 0.81" 0.86 0.86 []
St 439 921 921 885 [m?]
% 0.279 0.285 0.305 0.322 []
Y 718 289 269 268 |2]
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Figure 5.1: Payload-range diagram for the baseline Flying V
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5.2.1. Optimised Geometry

The optimised design planform is shown in Figure 5.2 superimposed on the baseline design planform.
A visualisation of the cabin cross-sections is given in Figure 5.3. The design variables for the baseline
and optimised designs are shown in Table 5.2.

Table 5.2: Design variables for the baseline and optimised configurations

Design variable Symbol Baseline Optimised

Takeoff thrust Tt 371kN 374kN
Inner wing sweep A, 64.5° 63.2°
Outer wing sweep  Agyt 40.7° 41.1°
Outer span (as % of total)  bqt 34% 29%
Length 1 (as % inner wing) L, 75% 67%
Chord 1 (as fraction of oval width) ¢, 1.1 1.3
Taper ratio 4 0.1 0.11
Cabin width 1w, 6.2m 5.94m
Cabin width 3 (as % of w;) ws 94% 82%
Crown height 1 H., 0.68m 0.63m
Keel height 1 H,, 0.68m 0.50m
Crown height 3 H,, 0.45m 0.60m
Keel height 3 H,, 0.45m 0.50m
Outer wing thickness to chord ratio Eout 10.7& 11.0%

Visually inspecting the planform, the first change that catches the eye is a larger inner wing and a
smaller outer wing as compared to the baseline design. The increase in inner wing span distributes
the weight of the payload over a larger percentage of the span, increasing the advantage inherent to
flying wing concepts of locating weight close to the location of the lift. However, this means the outer
wing decreases in size, with a shape otherwise very similar to the baseline.

The outer wing is used to house the elevons, as well as fulfilling a stabilising function similar to
the horizontal tailplane of a conventional aircraft. Since the current study does not include stability
and control considerations, further study is necessary to investigate whether this optimised outer wing
geometry is sufficiently large to satisfy stability and controllability requirements.

The next difference is a slight decrease in sweep angle for the inner wing. The implications of
this alteration are discussed in more detail in subsection 5.2.3, where the compressibility correction
constraint is examined.

In addition to reduced sweep, the tapered rear part of the inner wing is slightly longer with more
taper resulting in a narrower section at the end of the oval fuselage. Looking at Figure 5.3 we can see
that the height of this section is similar to the baseline version, meaning the local thickness-to-chord
ratio is larger at this point. The cross section of the inner part of the inner wing is quite similar in shape
to the baseline version, albeit with a notably narrower cabin.

In order to accomodate the same payload as the baseline configuration, the narrower cabin of
the optimised version is compensated by its length. A visualisation of the cabin layout is shown in
Figure 5.4, adapted from Oosterom [22]. This alteration results in a 3-3-3 seat configuration in economy
class instead of a 3-4-3 configuration, albeit with two extra rows of seats, resulting in a total of 1 extra
seat per side of the V. This configuration places the seats at an angle of 18° to the flight direction,
which is the maximum angle specified in CS25.785 [7]. This angled placement requires a stagger of
the seats in order to obtain seat rows which are perpendicular to the cabin centreline, meaning slightly
more width is necessary compared to conventional aircraft with similar seat configurations.

Looking at similar width cabins in current aircraft, the newest generation of Boeing’s 777 aircraft
manages to fit a 10-abreast configuration (3-4-3) in a cabin width of 5.962 which is only 2cm more than
the optimised Flying V. Therefore, it is reasonable to expect that the optimised Flying V cabin with a
width of 5.94m can accommodate the 9-abreast configuration shown, with the width of the extra seat
in the 777 probably being taken up by the seat stagger.

2https:/ /en.wikipedia.org/wiki/Boeing 777X
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Figure 5.2: Optimised Flying V planform in orange, the baseline design in blue
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Figure 5.3: Cross sections at section 1 and 3, values in m. The baseline design is shown in dotted lines.

5.2.2. Performance Results

Key values for the optimised design are shown in Table 5.1 along with the conventional and baseline
aircraft results. The payload-range diagram is shown in Figure 5.5, superimposed on the conventional
aircraft data as published by Airbus for the A350-1000.

The optimised design results in a fuel burn which is 5 tonnes less than the baseline design, with an
empty weight 11 tonnes lower. With regard to the conventional aircraft, this translates to a reduction in
fuel burn of 35% with an MTOW reduction of 25%.

The wing planform area of the optimised configuration is lower than the baseline configuration, how-
ever, the wing loading is nearly identical since the total weight is lower. Compared to the conventional
aircraft this wing loading is much lower, which is to be expected since the maximum lift coefficient of
the Flying V is also lower due to the absence of HLDs and the limitation of the unstable pitch break.

The thrust-to-weight ratio is higher for the optimised variant than for the baseline variant, which
is already higher than that of the conventional aircraft. This seems to indicate that a high thrust is
necessary to meet the takeoff or one-engine-inoperative second segment climb gradient constraints,
however, as will be discussed in the next section, this is not an active constraint. Therefore, further
study is necessary to investigate whether a lower thrust-to-weight ratio is feasible for this configuration.

5.2.3. Constraints

For further development of the Flying V concept, it is interesting to know which aspects of the design
limit the mission performance. Therefore, the compliance of the optimised result with the constraints is
examined to find these aspects. The constraint compliance data is shown in Table 5.3.

Table 5.3: Constraint values

Constraint Value Requirement Difference Unit
Approach speed 140 147 -7 [kts]
2
Takeoff parameter 108 140 -32 [r:gz’N]
Cruise thrust 742 206 -536 [kN]
Climb gradient 3.1 2.4 -0.7 [%]
Cargo volume 255 250 -5 [m?]
Cabin end ceiling height 2.15 1.9 -0.25 [m]
Fuel tanks volume 167 102 -65 [m3]
M"inner 0.92  0.91 0.01 []
M outer 0.93 0.93 0.0 [-]

As shown in the table, the values of M” are very close to the requirement, meaning that both the inner
and outer wing compressibility constraints are active, which indicates that the wave drag characteristics
of both the inner and outer wings play a large role in the mission performance of the aircraft.

Since the method used in this study for compressibility drag does not adequately capture the com-
plex dynamics which are at play in this consideration, further study is needed to investigate whether the
sweep angle of the optimised configuration is feasible from an aerodynamic point of view. Specifically,
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Figure 5.4: Interior layout for the newly optimised Flying V, adapted from [22]. Note that the cargo containers are indicative only,
as the exact type of container to be used in the Flying V is not yet clear.
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Figure 5.5: Payload-range diagram for the optimised Flying V-1000, compared to the Airbus A350-1000

since the method in this study is based on the lift coefficient of the entire inner or outer wing, local ex-
tremes are not taken into account. An area for which closer scrutiny in further investigation can prove
useful is the end of the oval fuselage, which is expected to have a relatively high local lift coefficient
due to the smaller chord. In combination with the relatively thick section this indicates that this section
could require alteration to prevent excessive wave drag.

This matter also points to possible new research regarding the airfoil design of the inner wing. Better
airfoil design may allow for the reduced sweep angle which, as shown by this optimisation, can play a
role in further reducing the fuel used by this aircraft.

Finally, the fact that sweep plays an important role in efficiency may cause reevaluation of the
proposed cruise Mach number since lower Mach numbers allow for lower sweep designs which are
more efficient. This is, however, a discussion which must be conducted with many stakeholders, as
both passengers and airlines may want to hold on to the current specification for time and operational
reasons, while other stakeholders may value the efficiency and therefore environmental impact more.

Beside the compressibility constraint, no other constraints are near their value and therefore they
are not active. As noted in subsection 5.2.2, the main driving requirements for thrust loading are usually
the takeoff parameter and the second segment climb gradient constraints. However, these constraints
are easily met by the optimised configuration, see Table 5.3. It should be noted that the method used
for the second segment climb gradient in the current study gives an optimistic estimate, since the effect
of the additional drag of the inoperational engine and the extra trim drag required in this assymetric
scenario are not taken into account. Therefore, a more detailed analysis of this scenario should be part
of further research to determine whether this configuration is feasible with lower thrust engines.

Finally, it is interesting to note that the fuel tank volume easily meets the requirements, having
65m? to spare. This could enable limiting the inboard tanks to only be placed outside the pressure
cabin, reclaiming the volume between the trapezoid wall and the oval fuselage for systems, storage or
additional cabin space.






Conclusions and Recommendations

The goals of the present study were to re-examine the Flying V on a conceptual level and to find pos-
sible improvements to the concept in terms of mission performance. This was achieved by developing
an aircraft performance model for the Flying V and a conventional reference aircraft. This performance
model was then integrated into an optimisation loop which optimised the conceptual design for a mini-
mum mission fuel burn.

The analysed baseline design shows a considerable improvement over the conventional reference
design, with a 31% reduction in fuel burn for the design mission at 21% lower maximum takeoff weight.

The optimised design further improves upon this result, showing a 35% reduction in mission fuel
burn at 25% lower maximum takeoff weight. This was achieved by spreading the cabin and therefore
inner wing out to an increased 71% of the span and decreasing the inner wing sweep angle t0 63.2°. The
increase in cabin span causes a narrower, longer cabin which moves more weight outboard, increasing
the advantage flying wings have of placing weight where lift is produced to shorten load paths.

6.1. Conclusions

This study confirms the feasibility of a remarkable reduction in mission fuel burn aimed to be achieved
by the Flying V concept. The mission performance for the Flying V was calculated, using an integration
of results from previous analyses in an aircraft performance model. This resulted in 31% and 35%
reduction in fuel burn with respect to a conventional aircraft for the baseline and optimised designs,
respectively, which shows that the improvements in aerodynamic and structural efficiency achieved by
this concept positively impact one another in a virtuous cycle to obtain a result which is greater than
the sum of its parts.

The result of the optimisation based on the developed performance model shows several differences
with respect to the baseline design, indicating possible improvements to the concept of the Flying V
with respect to mission performance. The first difference is a change in division of the span between
inner and outer wing, with a longer inner wing and a shorter outer wing. The improvement in mission
performance shows that an improvement in wing loading and thus structure weight can be achieved by
this alteration. However, this decrease in outer wing area resulting from the increase in inner wing span
necessitates further research into the stability and control characteristics of the Flying V to determine
whether acceptable performance is possible with this reduced outer wing size.

The second difference is a reduced sweep angle for the inner wing. Since the constraint on sweep
angle to limit compressibility drag is active for both inner and outer wing, this shows that minimising
the sweep is beneficial to the mission performance of the Flying V. Since the minimum feasible sweep
is dependent on the thickness-to-chord ratio, airfoil technology, lift coefficient and Mach number, these
are all factors which must be examined closely in further development of this concept.

6.2. Recommendations

This study confirms that the Flying V concept has a lot of potential to transform the long-range passen-
ger aircraft market with its markedly reduced environmental impact. This section recommends several
topics to investigate in the further development of this concept.
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Firstly, the stability and control characteristics of the Flying V should be studied in more detail. This
topic poses a challenge to designers of any flying wing, but for the Flying V specifically it is shown
that reducing the size of the outer wing can result in an improvement in mission performance. Fur-
ther research should therefore include an evaluation of the minimum size of the outer wings for which
acceptable flight characteristics can be obtained.

Next, the high-subsonic aerodynamics of this concept warrant more study. The current study has
shown that minimising the sweep angles of both the inner and outer wings can be beneficial to the
mission performance. The interdependence of the airfoil characteristics with the cabin dimensions
indicates a multidisciplinary tradeoff is to be made between the structural and aerodynamic disciplines.
Specifically, a multidisciplinary study into the cross-section geometry of the inner wing seems promising
since improvements in the airfoil geometry can enable a reduction in sweep angle, but is dependent on
the limits of the oval fuselage and its structure. Additionally, the geometry at the transition between the
inner and outer wings requires attention, both from an aerodynamic and from a structural standpoint
since the currently used parameterisation does not provide a satisfactory geometry.

Finally, a stakeholder discussion regarding desirable cruise speed and hence cruise Mach numbers
should be held to identify the relative values of travel time versus environmental impact, as these are
shown to be opposing values. A model such as developed in this study, of low computational cost while
describing the mission performance of an entire concept, can be employed to aid such a discussion. In
this format, the traditional systems engineering procedure of defining requirements before starting the
design engineering is revised to a process where these requirements can be weighed against important
performance metrics.

Especially with increasing pressure on the environmental aspects of flying, this process allows for
the evaluation of different solutions, such as propeller-based propulsion, which would otherwise not
have been examined due to rigid requirements.
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Conventional Aircraft Inputs

This appendix contains a listing of the inputs used in the conventional aircraft model based on the
Airbus A350, for both the -900 and -1000 variants.

45



46

A. Conventional Aircraft Inputs

Table A.1: Inputs for the A350-900 aircraft model. *Value with an asterisk for the extra long range variant

Parameter Symbol  Value Unit
Wing
Span b 64.75 m
Leading Edge Sweep ME 35 °
Half Chord Sweep A 30.5 °
2
Taper A 0.159 -
Area S 439 m?
Root thickness-to-chord ratio Ef 0.15 -
Aspect Ratio A 9.55 -
Wetted Area Sw 763 m?
Mean Aerodynamic Chord MAC 7.38 m
Average thickness-to-chord ratio Ea"g 0.1 -
Flap
Leading Edge Sweep A 141 °
Thickness-to-chord ratio Ef 0.15 -
Area Ss 60 m?
Structural span bss 41.6 m
Maximum Deflection O¢ 39 e
Slat
Area Slef 37 m?
Empennage
Horizontal Stabiliser Area Sh 83 m?
Vertical Stabiliser Area Sy 62 m?
Thickness-to-chord ratio Eemp 0.12 -
Mean Aerodynamic Chord MACen, 4.8 m
Fuselage
Width by 5.96 m
Height hy 6.09 m
Length ls 65.3 m
Tail length L 34 m
Gross Shell Area AYe 1073 m?
Passenger cabin length loc 52 m
Engine
Takeoff thrust per engine Tro 375 kN
Nacelle width b, 3.9 m
Nacelle length Iy 6.4 m
Nacelle wetted area Sw, 68.5 m?
Pylon width by 1.6 m
Pylon length lp 1.1 m
Pylon wetted area Sw, 32.3 m?
Systems
Fuel tank volume Vel 140.8/166.5* m3
Electric power Py 400 kVA
Miscellaneous
Flight crew Ne 4 -
Cabin crew Nee 8 -
Passengers (typical) Npax 315 -
of which business Npax, 48 -
Passengers (maximum) Npax_... 440 -
Maximum payload WL, 53 -10% kg
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Table A.2: Inputs for the A350-1000 aircraft model

Parameter Symbol  Value Unit
Wing
Span b 64.75 m
Leading Edge Sweep AL 35 °
Half Chord Sweep Ai 305 -°
2
Taper A 0.159 -
Area S 460 m?
Root thickness-to-chord ratio fr 0.15 -
Aspect Ratio A 955 -
Wetted Area Sw 799 m?
Mean Aerodynamic Chord MAC 7.38 m
Average thickness-to-chord ratio Ea"g 0.1 -
Flap
Leading Edge Sweep At 141 °
Thickness-to-chord ratio Ef 0.15 -
Area S¢ 60 m?
Structural span bss 416 m
Maximum Deflection O¢ 39 °
Slat
Area Sief 37 m?
Empennage
Horizontal Stabiliser Area Sh 83 m?
Vertical Stabiliser Area Sy 62 m?
Thickness-to-chord ratio %emp 012 -
Mean Aerodynamic Chord MACenp, 4.8 m
Fuselage
Width by 596 m
Height hy 609 m
Length ls 72.3 m
Tail length A 37 m
Gross Shell Area Se 1187 m?
Passenger cabin length loc 56 m
Engine
Takeoff thrust per engine Tro 432 kN
Nacelle width b, 3.9 m
Nacelle length I, 6.4 m
Nacelle wetted area Swy, 68.5 m?
Pylon width by 1.6 m
Pylon length ly 11.1 m
Pylon wetted area Sw, 323 m?
Systems
Fuel tank volume Vel 158.8 m?3
Electric power Py 400 kVA
Miscellaneous
Flight crew Ne 4 -
Cabin crew Nec 12 -
Passengers (typical) Npax 369 -
of which business Npax, 54 -
Passengers (maximum) Noax_... 480 -
Maximum payload WeL_ 67 -103 kg
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