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1 The Need for Change
"Beim Erdöl liegt die Zukunft hinter uns." (Josef Auer, Analyst) [1]

Before the existence of modern civilization, the atmospheric concentration of CO2 remained gener-
ally constant. Since then the average concentration of carbon dioxide suddenly increased up to 2013
when it surpassed a level of 400 ppm for the �rst time in recorded history [2]. This manifests itself
in an emission of more than 1,100 tonnes of carbon dioxide per second, equal to 35.76 gigatonnes per
year (status as of 2016) [3], while only one half is recycled back into the carbon cycle [4]. Although
the share of global anthropogenic CO2 emitted by the aviation industry is only 2% [5], it plays an
important role in �ghting the climate change due to its high radiative forcing index (RFI). This
factor takes into account that aside from CO2 air tra�c also emits numerous other climate-relevant
emissions, like NOx, soot, and contrails into the atmosphere whose warming e�ects are signi�cantly
larger due to output in particularly sensitive, high altitude atmospheric layers. This results in a
two to four times greater climate impact of aircraft compared to CO2 emissions alone and under-
lines the indispensability of using RFI as a benchmark. Therefore, the aviation sector, as the only
arti�cial emission source at high altitude, has a climate and environmental responsibility to develop
sustainable air transportation with almost negligible CO2 input. Although airlines have reduced
their fuel consumption in recent years and transport capacity is increasingly decoupled from fuel
consumption [6], absolute CO2 emissions have increased as a result of the simultaneously rising
tra�c volume. With an average annual growth of 5% and a doubling of air tra�c every 15 years
[7], this is insu�cient to achieve aviation's high-level emission reduction goals de�ned by NASA
and the European Commission in Flightpath 2050 [8] which have been developed to reconcile the
future needs of aviation with environmental objectives such as the Paris Agreement [9]. It is the
responsibility of mankind to proactively adapt to changing conditions in order to ensure not only
environmentally sustainable technology, but also improved operations, e�cient infrastructure and
adapted economic measures [10]. The component wise improvement of a classic �tube and wing�
aircraft con�guration may not be able to deliver the required enhancements at aircraft level. Conse-
quently, key to meeting ambitious future demands are disruptive con�gurations and synergistically
integrated systems paving the inevitable process of transition.
The purpose of this design study is to present a valid preliminary next level aircraft concept with
entry into service (EIS) in 2045 using a wide range of promising technologies and leading in a new
fuel era. Innovative aircraft operations, the passenger acceptance and possible modi�cations in the
airport infrastructure have to be taken into consideration.
To develop a sustainable and successful concept it is mandatory to discover the future markets
needs. Therefore the following layout is based on both a market analysis and a technology outlook,
taking the availability of technologies, expressed through the Technological Readiness Level (TRL)
into account. Due to the analysis the top level requirements of the present aircraft design were de-
�ned aiming further detailing in the progressive design process to develop suitable solutions. Based
on these considerations the reference aircraft is selected. With the help of relevant literature and
established calculation methods, several con�gurations have been elaborated, however, only the �-
nal results re�ned in several iterations are presented. To validate the integration into the overall air
tra�c system, the concept is subjected to a feasibility study in order to identify solution approaches
to possible challenges. Assessing the competitiveness of the design and the achievement of the set
goals, the sustainability of the concept is �nally evaluated from di�erent perspectives.
It should be noted that this is a preliminary draft to point out future solutions, which forms the
basis for more detailed concept studies.
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2 The Aircraft of Tomorrow
Along with the proposed goals set by various organizations the focus of commercial aircraft design
is increasingly shifting from minimizing operation costs to environmental compatibility, creating an
impetus for high-e�cient low emission aircraft design. To subsequently select a suitable reference
aircraft for EIS 2045 the future market has to be addressed.

2.1 Potential of Future Markets
The following market analysis makes it possible to detect global trends about the future development
of aviation and to derive possible scenario forecasts. As the aviation segment is a resilient and
steadily growing market, there will be a major need for new aircraft in the future, with single-aisle
aircraft representing 70% of the demand in units, whereas long-haul aircraft account for 55% of value
[7]. Demand cannot be assumed as constant but varies by region. While the growth of established
markets like Northern America or Europe is increasingly stagnating, the emerging markets, e.g.
the Asia-Paci�c region, are characterized by very high growth rates due to the strong correlation
between revenue passenger kilometre (RPK) and gross domestic product (GDP) [11]. The demand
of very large aircraft (VLA) such as the Boeing 747 or the Airbus A380 is powered by aviation
mega-cities, which are driving global air tra�c growth and handling 95% of all long-haul �ights
in the future [12]. As already mentioned, airlines have reduced their fuel consumption in recent
years. Albeit long-haul tra�c has a speci�c fuel consumption of just 3.51l/100pkm (medium-haul:
3.98l/100pkm, short-haul: 5.86l/100pkm), with 60% it makes a comparatively large contribution to
total fuel usage [13]. Caused by the large �ight distance and the high number of passengers this
results in greater absolute CO2 emissions with an increased climatic e�ect due to high altitudes.
The combination of all stated constraints suggests the long-haul market to be very promising.
In order to ensure sustained growth in passenger demand, a �exible and expanding network is
required [14]. For being able to assess the behavior of this network, it is essential to consider
the various factors that in�uence its framework conditions, like political and legal basics and fuel
availability. Based on this two main scenarios are conceivable which result in the abandonment of
fossil fuels: Firstly, the taxation of pollutant emissions due to political environmental protection
requirements makes the use of conventional fuels unpro�table. Secondly, fossil fuels are limited,
which will inevitably lead to the depletion of those resources. As a consequence the ultimate
solution approach would be a non-polluting fuel produced from renewable sources. Several fuel
concepts were discussed and �nally an overall design concept tailored to the use of hydrogen was
sought, considering it as the most promising.
In addition to low emissions hydrogen o�ers the great advantage of a three times higher energy
density compared to kerosene but due to the very low volumetric energy density (hydrogen has
only about 1/4 of the volumetric energy density of kerosene) it requires the necessary provision of
additional volume to accommodate the fuel [15]. Consequently there are some challenges, which
have to be addressed, in order to establish a sustainable, e�cient and competitive con�guration.
Bearing this in mind using a hydrogen-powered blended-wing-body con�guration serving long-haul
routes, the design process is driven towards meeting the market requirements while maximizing the
synergy e�ects issued by the hydrogen concept.

2.2 Reference Aircraft
In order to assess the designed aircraft with regard to the requirements to be met, it is necessary to
�rst select a reference aircraft. This de�nes the speci�c mission requirements, especially in terms
of range and payload, as well as the take o� and landing performance that are to be achieved.
Compared with this aircraft, an energy reduction of at least 60%, 80% in the long term, as well as
a noise reduction of 42-52dB and a NOx reduction of at least 80% has to be attained.
To select the most suitable Best-in-Class aircraft a basic approach has been developed to assess
several aircraft using standardized criteria and comparison parameters. In a �rst step the classes
itself and the corresponding class criteria are set up, elaborating the range and size of the airplanes
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as important system descriptors. Accordingly the following classes are distinguished: Narrow-body
aircraft and wide-body aircraft, which can additionally be divided up into single- and double-deck
wide-body aircraft. As it is not possible to compare the aircraft by taking the fuel consumption
per mile into account, since every aircraft has a unique design point, another measure of e�ciency
has to be found. In order to determine which aircraft has the best energy e�ciency in the di�erent
classes, the payload range diagram is used which indicates every possible combination of payload and
range for a speci�c aircraft type and can be found in the respective ACAP (Aircraft Characteristics
for Airport and Maintenance Planning). Therefore one characteristic point is identi�ed in which
the various aircraft are comparable, namely the point of maximum range at maximum payload
(hereinafter referred to as "Point B")(see Appendix A.1). Given the fuel and payload mass, as
well as the range in Point B, the speci�c transport energy (STE) can be de�ned as a comparison
parameter.

STE =
g � mP ayload;MT OM � R

mF uel;MT OM
(2.1)

Since the STE represents the ratio of conducted work to burnt fuel, a high STE indicates the best-
in-class aircraft. Table 2.1 shows the results of relevant comparison aircraft. Single-aisle aircraft
are not considered due to the previous �ndings of the market analysis.

Table 2.1 : Speci�c transport energy of relevant aircraft

Class Aircraft Payload [kg] Fuel [kg] Range [NM] STE [ J
kg ]

wide-body, Airbus A340-300 52,685 98,500 5,653 54,929,275
single-deck Boeing 777-200ER 56,940 91,900 5,180 40,960,960

Airbus A330-200 49,442 63,000 4,169 59,441,579
Boeing 777-300ER 69,853 113,852 5,660 63,091,495
Boeing 777-200LR 63,957 138,346 7,586 63,712,948

wide-body, Boeing 747-400 67,319 150,820 5,180 42,006,691
double-deck Airbus A380 83,800 206,000 5,180 48,458,106

Boeing 747-400ER 70,307 161,025 6,333 48,864,781

Due to the anticipated strong growth and the fact that the BWB con�guration can exploit its
advantages especially in the VLA segment [16] the reference aircraft is selected from the wide-body
double-deck class. Consequently the Boeing 747-400ER with PW4062 engines is chosen as the
reference aircraft, resulting in the mission and performance requirements shown in Table 2.2.

Table 2.2 : B747-400ER design data [17]

Reference aircraft data

Number of PAX (all economy seating) 524
Design point range [NM] 6,160
Design point fuel [kg] 161,025
Initial cruise height [m] 1,0363
Takeo� �eld length [m] 3,095
Landing �eld length [m] 2,164
Aproach Velocity [kts] 153

As seen in Appendix C.1 various key technologies have been identi�ed to target the top level
requirements. To ensure feasibility a TRL of at least 5 is assumed. In the following section the
overall con�guration is presented which is based on the optimal exploitation of synergy e�ects to
meet future goals.
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3 Ultra-efficient Design
Due to the decreasing scale of improvement of nowadays common aircraft con�gurations and com-
ponents, a radically new concept is needed to ful�ll the demands and challenges of emerging future
air tra�c, its emissions and impacts towards mankind and environment. Therefore, this concept
is driven by a most sustainable propulsion and fuel concept and then designed around those two
aspects with consideration of typical aircraft design parameters such as a high lift-to-drag ratio,
low noise emissions, fuel e�ciency and passenger comfort [8], [18]. The following sections o�er an
overview of used technology and their implementation into the concept design.

3.1 Blended-Wing Configuration
Common aircraft con�gurations su�er from stagnation in improvement as well as from an above
all sub-optimal distribution of weight alongside their components. Typically the payload is located
in the fuselage, causing the major weight towards ground. Meanwhile, most if not all of the lift is
generated by the wing with a relatively huge distance between its respective point of attack and the
fuselage's. This leads to huge amounts of bending stress on the connecting parts between wing and
fuselage, which forces structure to be enhanced in these areas.
Aiming towards a reduction of these e�ects, a blended-wing-body (BWB) con�guration is introduced
bringing more than one positive side e�ect. First, due to a steady transition from body to wing
and thus no bottlenecks in �ux �ow, the structural stress is signi�cantly lower compared to a
conventional con�guration. Second, the pure geometry o�ers a much bigger area to generate lift,
resulting in much lower wing loads. This considers the center body creating lift as well and hereby
putting the above mentioned relative points of attack closer together. Third, expecting the air �ow
following the contour of the airfoil especially over the center body, putting the engines aft provides
boundary layer ingestion improving the e�ectiveness even more. Additionally, the aft positioning
causes a small distance between engine and center-axis spanwise, so in case of engine failure, just a
small yaw momentum would be generated. Last but not least, putting the engines on the top of the
aircraft, noise emission is directed upwards, reducing the noise on lower �ight levels and during take
o� and landings. In addition, this also reduces the necessary distance between ground and aircraft
because there is no clearance angle to be met in case of front wheel breakdown in order to prevent
the engines from touching the surface.
As already stated, the BWB o�ers a bigger surface area than conventional con�gurations, resulting
in a greater enclosed volume. To fully exploit that characteristic, every geometry is distributed to
that, e.g. the tanks and cabin tubes are perfectly �tted into the shape by self-written algorithms
(described below).
All in all, a BWB with V-tail, embedded aft engines, advanced surface control faces, no APU and
a multi-boogie gear arrangement is selected. Lastly mentioned are explained later on. The �nal
con�guration is presented below (�gure 3.1 and �gures Appendix L.1 to Appendix L.3.

Figure 3.1 : Sideview rendered
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3.1.1 Multi-Bubble Centerbody Design
The �rst step in this BWB design method is the selection of airfoils for the centerbody. Compared
to the airfoil selection for common tube-wing-con�gurations, there are only a few freely accessible
airfoils for BWBs or �ying wings, especially outside of model aircraft applications. For passenger
aircraft, the centerbody has to contain the cabin tubes which in turn necessitates a high airfoil
thickness ratio. Meanwhile, the centerbody has to generate the necessary lift while minimizing the
resulting drag. Therefore, a careful aerodynamic and geometric optimization is required.

Figure 3.2 : Airfoil optimization �owchart Figure 3.3 : Polar of the center-body-airfoil

To simplify this task the three dimensional problem is reduced to a single two dimensional airfoil.
To describe the shape of the airfoil to be optimized, a Bézier-Parsec-3434 (BP3434) parametrization
as described by Derksen and Rogalsky [19] is used. Camber and thickness of the airfoil are derived
from two bezier curves each, split at the point of maximum camber/thickness. The leading edge
curves are third degree bezier curves and the trailing edge curves are fourth degree bezier curves
to allow an exact shaping of the trailing edge to meet the moment requirements of a BWB. This
amounts to 18 control points in total resulting in 28 variables considering the set starting point
and the set connection between leading edge and trailing edge curve. The advantage of the BP3434
parametrization is the calculation of these variables using 10 aerodynamic parameters such as leading
edge radius or trailing edge angle plus four additional bezier parameters. This leads to faster �tting
to the starting airfoil and faster convergence of the whole aerodynamic optimization [19].
The next step is the thickening of the airfoil to integrate the cabin, represented by a rectangle. The
desired utilization factor of the airfoil can be set by setting the length of the sides of the rectangle.
Now a 2D C-Mesh is generated around the airfoil and its aerodynamic properties are analyzed
in a CFD simulation with SU2 using Navier-Stokes-algorithm. Using the optimization platform
openMDAO created by NASA, the parameters are varied with the objective to minimize drag while
still satisfying the lift and moment coe�cient constraints. This process is shown in �gure 3.2. After
this time-consuming optimization converges, further analysis with di�erent angle of attack is done
with the found airfoil, to generate the polar shown in �gure 3.3. Figure 3.4 shows the optimized
airfoil with the cabin as well as the starting airfoil, which could not contain the cabin. Due to
the huge amount of computational power needed and the limited time, the chosen airfoil does not
represent the best possible solution yet, but the optimization process proved to be working and
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can be used for future projects. The airfoil optimization is handled two-dimensional but for an

Figure 3.4 : Optimized airfoil

optimized shape, a 3D consideration of the geometry has to be considered. Therefore, an algorithm
is created, that is looking for intersection points between the radial outer tube surface and the inner
shape surface to prevent the tube from "sticking" out.

3.1.2 Wing Design
The main di�erence in designing a wing for a blended-wing con�guration is the need to adjust
to a given centerbody planform with predetermined airfoil and very small margins for twist. The
challenge is to satisfy the requirements for stability and provide the necessary lift while minimizing
the drag of the aircraft in cruise condition by making minor adjustments to the wing planform and
twist distribution. This is achieved by an iterative design process characterized by rising �delity.
The �rst step is the de�nition of a wing loading using the methods described in section 4.3.1. The
resulting wing area is calculated by using the �rst mass estimation and the given geometry of the
centerbody. The wing planform is determined by adding further geometric constraints like wing
span, aspect ratio, taper ratio and leading edge sweep. The wing span is properly dimensioned,
when the lever-arm ful�lls the requirements for controllability. Besides, a high wing span, and
therefore a high aspect ratio, is advantageous due to the minimization of induced drag. However,
a wing span of 80 metres must not be exceeded with respect to the existing airport infrastructure.
The airfoil MH49 is selected for the wing due to its low moment coe�cient and camber [20]. Further
improvements of the aerodynamic design are possible by using the airfoil optimizer described in the
previous section to generate the optimal airfoil for each individual spanwise position.

Figure 3.5 : BWB polars calculated in XFLR5

The next step is the analysis of the aircraft with the software XFLR5 using a low �delity vortex
lattice method. Planform and twist modi�cations are applied to satisfy stability requirements and
to accomplish an elliptical lift distribution to reduce induced drag. In order to achieve a stationary,
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stable and trimmed �ight condition the following two requirements need to be matched. First
the pitching moment must equal zero. Second the centre of gravity is positioned in front of the
aerodynamic centre which is equivalent to a negative gradient of the moment coe�cient polar.
Consequently, the moment coe�cient at zero lift must be greater than zero [21]. The center of
gravity, as an outcome of the mass breakdown, is estimated to 19.7m measured from the nose of the
center body. The resulting moment coe�cient polar, which is illustrated in �gure 3.5, shows that
both requirements for static stability are ful�lled. In the course of the conceptual design further
�ight mechanical aspects, such as controllability, will not be elaborated on. Nevertheless, simple
design methods already lead to primary control surfaces as shown in chapter 3.1.3. The resulting
polar plots are shown in �gure 3.5. The resulting geometric parameters of the whole BWB aircraft
are shown in table 3.3. The last step is the analysis of the aircraft with a full CFD simulation in

Table 3.3 : Aircraft geometric parameters

Parameter Unit Value

Wing area [m3] 1317
Aspect Ratio [-] 4.62
Wing Span [m] 79.5

openFOAM using the rhoSimpleFoam solver for turbulent �ow of compressible �uids [22] with a
k-! -SST turbulence model to verify the results of the previous analysis. The pressure distribution
and streamlines at cruise condition are shown in �gure3.6. The CFD analysis shows that the
requirements to the pitching moment aren't satis�ed yet. Also, the drag coe�cient is too high due
to the strong shocks in the transition from centerbody to wing caused by the non-optimized wing
airfoil. Additional adjustments have to be made to reach the design objectives and to increase
lift-to-drag ratio but would exceed the scope of this design study.

Figure 3.6 : Pressure distribution and streamlines at cruise conditions

3.1.3 Multi Functional Control Surfaces
The common philosophy regarding surfaces tends to be a distribution with each surface executing
one task (roll, pitch, yaw, deceleration). Trending towards multi-functional surfaces, technology will
advance and result in lighter �ap and spoiler systems, adaptive shape technology and even morphing
structures. While the "morphing wing" is not to be accomplished in the next years, there is yet
a promising approach today the Airbus A350 is already equipped with: The Adaptive Dropped
Hinge Flap (ADHF) system. It basically simpli�es the �ap mechanisms, de�ning one �ap at the
rear edge that can be de�ected down- and even upwards. Therefore, the wing shape can be adapted
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to various in-�ight situations, concluding in optimized lift and pressure distributions. Even a shift
towards the tip or root of the wing is possible leading to improved distributions for take-o� (T/O)
and landing (LDG) con�gurations. The potential of reducing drag, noise and emissions is immense,
hence improvement to aerodynamic systems will be essential in future aircraft development [23].
As far as the "traditional" control surfaces are concerned, the V-tail embeds yaw and pitch ability
while reducing noise on ground and during T/O and LDG. This compensates the slightly increased
drag due to the higher wetted area. For calculation, preliminary empirical, dimensioning in relation
to other existing BWB studies is used (with results included in table Appendix I.1 in the Appendix).

3.2 Propulsion System
"Historically engines have been designed around fuel. It´ s time to design the fuel around the

engine's needs."(Robert Biddle, Fuels Technology Manager, Pratt & Whitney)

The engine as the aircraft's only active emission source o�ers the greatest potential savings in the
�eld of noise and pollution reduction. As a result SRIA demands more than half of the savings to
be realized through improvements of the engine [24]. To achieve this, there are several potential
points of attack. In addition to the general reduction of fuel, both the improvement of individual
components by new technologies and the implementation of new fuels are auspicious [25]. Apart
from ensuring the reliability and safety standards of state-of-the-art engines the integration of new
concepts in existing and new aircraft con�gurations must be guaranteed [26]. Since the present
aircraft concept is operated with hydrogen, initially an adaptation of conventional engines to the
new fuel has to be considered.

3.2.1 Adaption to Hydrogen
To optimally utilize the advantage of hydrogen in the engine, an adaptation of the combustion
chamber is necessary. The main design objective for the combustion chamber is to provide a high
combustion e�ciency while keeping the production of air pollutants to a minimum. Hydrogen
as fuel avoids the emission of sulfur oxides, carbon oxides, unburned hydrocarbons (UHC) and
soot. The only remaining pollutants are water and nitrogen oxides (NOx ). Even though non-
optimized combustors increase NOx production, an optimized combustor provides the opportunity
to lower NOx emissions. To achieve this objective the main parameters for NOx production need
to be identi�ed. Research by Levebre [27] shows that the main parameters for decreasing NOx

production are reaction rate, mixture and residence time. Lowering the reaction rate by decreasing
the temperature or pressure of combustion would result in a decrease of engine e�ciency. Increasing
the mixedness poses a risk of �ashbacks for hydrogen. Lowering the residence time of the reactants
by increasing the air speed in the combustor could result in �ame out.
The micromix hydrogen combustor tested by Boerner et al. [28] uses the e�ect of jet in cross-�ow.

Figure 3.7 : Test engine NOx against power output [28]
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By using the high reaction rate of hydrogen and injecting it vertically into the airstream from as
many miniaturized injection holes as feasible, it burns in multiple small di�usion type �amelets
instead of large �ames. This results in optimal mixing and low residence time due to the short
length of the �amelets which in turn results in much lower NOx emissions than under kerosene
operation as shown in �gure 3.7.

3.2.2 Next Generation Technologies
Enhanced propulsive e�ciency of a modern engine is signi�cantly in�uenced by a high bypass ratio
[29]. With increasing bypass ratio, the fan diameter grows [30] and leads to shock losses at the blade
tips [29]. The geared turbofan enables the implementation of larger bypass ratios by decoupling fan
and low-pressure turbine by a planetary gearbox providing fuel savings of up to 15 % compared to a
conventional engine [31] and provides a reduction of perceived noise level by up to 50 % and lowers
the noise foot print by 75 % [32]. The GTF with a set bypass ratio of 12 and an integrated hydrogen
combustion chamber forms the basis of the next generation state-of-the-art jet engine. In order to
meet the ambitious future demands it is necessary to implement additional high level improving
technologies. The engine of a long-haul aircraft is designed for cruise �ight [33]. Consequently,
in all other �ight phases it operates o�-design due to deviating in�ow conditions. A promising
solution is an engine with variable fan blades, which actively in�uences the propulsion e�ciency in
the o�-design by altering the blade pitch and thus speci�cally increases the engine's performance
[34]. This allows further fuel saving potential of up to 13.5 % [35].

3.2.3 Engine to Aircraft
In addition to the component improvements, it is possible to achieve a further increase in e�ciency
through synergetic integration of the engine. For this reason, the two engines are embedded in the
rear fuselage to take advantage of the promising concept of BLI. The growing boundary layer of
the fuselage is sucked in and allows a reduction of total drag. This technology has the potential
to reduce the aircraft fuel burn by another 8.5 % [36]. The current engine concept enables high
fuel savings due to the optimized propulsion e�ciency. Further savings are possible by increasing
the thermal e�ciency. This is made possible by the use of an IRA, which o�ers great potential
for savings, so that the engine can be optimized with regard to overall e�ciency. Since the mutual
in�uence of these new technologies is di�cult to estimate, the integration of the IRA concept is
only considered for an H211neo variant. The advantages of the IRA concept are the increase in
thermal e�ciency [37] and the exploitation of the synergetic e�ects of hydrogen on the overall system
[38]. The focus of the �rst approach is a safe, reliable and hydrogen-burning Geared Variable Pitch
Turbofan (GVPTF). Technical data sheet of the GVPTF is listed in Appendix G.

3.3 Fuel System
In future aircraft scenarios, facing challenges to satisfy the global market growth requires new
approaches in air transport solutions while simultaneously reducing the environmental impact. In
this context, cryogenic fuels are reasonable candidates to reduce the overall energy consumption
on a mission, and thus, the total aircraft footprint. Two candidates have great chances to become
the replacement of Jet-A: liquid hydrogen (LH2) and liquid methane (LCH4). Both cryogenic fuels
have a high speci�c energy, are lighter, thus reducing take-o� mass and less polluting than Jet-A.
However, more storage volume is needed, since both fuels possess less energy content per unit of
volume. Table 3.4 compares the properties of the three mention fuels. As the reduction of energy

Table 3.4 : Properties of Jet-A Fuel, LH2 and LCH4

Parameter Unit Jet-A Fuel LH 2 LCH 4

Speci�c energy [MJ/kg] 43.2 120 50
Speci�c density � [kg/m 3] 790-808 71 423
Boiling point at 1 atm [ � C] 167-266 -252.3 -161
Freezing point at 1 atm [� C] -40 -259 -182
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consumption and pollution are one of the major objectives, liquid hydrogen has been selected
due to higher speci�c energy (roughly 2.8 higher energy per kilogram than Jet-A, and more than
the double than LCH4) and its lower well-to-wheel emissions in terms of greenhouse gases when
comparing the three fuels. The combustion of liquid hydrogen produces water vapor whereas liquid
methane produces harmful particles as CO, CO2 and in a lower level, NOx .

3.3.1 Tank Design
The design and development of the hydrogen tank as well as the design of an insulation, which could
satisfactorily protect the tank from heat input, is one of the crucial technical challenges confronting
the use of LH2 [16]. Tank design and con�guration are dependent on both aircraft (set an upper
limit on the tank diameter) and engine con�guration (amount of fuel to be stored). Cryogenic
hydrogen exits in liquid phase only in a small range of temperature, since� 259� C and � 253� C are
respectively freezing and boiling point [39]. Only6� C keep the liquid hydrogen from evaporating,
causing fuel loss (boil-o�) due to pressure rise inside the tank. Therefore, insulation and tank wall
material are truly important to respectively minimise boil-o� and withstand the pressure rise due
to vaporisation in severe temperature conditions. Moreover, hydrogen will be stored as a saturated
liquid, at a combination of temperature and pressure where the vapor is saturated and in equilibrium
with its liquid [38].

Tank Configuration At �rst sight, either integral or non-integral tanks should be chosen. Integral
tanks are part of the fuselage while non-integral tanks are kept separate from the aircraft fuselage.
Due to the non-cylindrical fuselage design, non-integral tank is concluded to be a better suitable
option for the tank con�guration. The advantages of this con�guration is that the tank should
only bear the loads associated with the fuel containment (pressurisation, fuel dynamic loads and
thermal stresses). Regarding to the shape of the design the tank shape was optimized to minimize
empty volume inside the center body. Three tanks are placed at each side in order to achieve the
required volume. Each tank has di�erent dimensions due to our center body design. The di�erent
measurements of the tanks are displayed in table 3.5. Another concern regarding the con�guration
is whether the insulation will be internal or external. As stated in [16], external insulation is
selected because of the di�culty of meeting the requirement of impermeability to gaseous hydrogen
if internal insulation would be used.
Another issue to address is the tank �lling and venting pressure furthermore and its signi�cant role.
To allow venting a two-phase mixture needs to be present at all times. At least 3% of the volume
should be in gas phase to allow venting when required [40]. Venting pressure ofpvent = 1 :5 bar
has been selected to minimize mass and maximize usable volume. In an emergency case due to
rupture of thermal degradation of the insulation, the pressure will rise so rapidly that no fuel can
be withdrawn. For safety reasons the �ll level thus needs to be kept low enough to prohibit an
excessive pressure rise in the tank if the vent valve would be blocked as well [38]. Filling pressure
has been set topf ill = 1 :2 as it suggested by [38] in terms of safety aspects.

Tank Wall Material The choice of the material used for tank walls depends on its density, maximum
allowable stress and, even more important, its behaviour when getting into contact with cryogenic
hydrogen. As hydrogen molecules are very small, they tend to permeate through the tank wall
material. When in contact with cryogenic hydrogen, embrittlement occurs for some materials, which
can result in cracking at signi�cant lower stress levels than yield strength [38]. Aluminum alloys are
considered as tank wall material because they provide minimum susceptibility to embrittlement [41].
Although aluminum tanks are slightly heavier than composite tanks due to their higher density, their
behaviour to cryogenic hydrogen in terms of embrittlement and permeation is superior compared
to composites and already proven by previous investigations. Aluminum alloy 2219 is �nally chosen
as it ful�lls the requirements for yield strength and embrittlement, besides it is also used by Air
Liquide for the construction of the LH2 tanks for the Ariane 4 launcher and thus proven to be
suitable for this application.

Insulation Material The insulation system has to provide low thermal conductivity, low thermal
di�usivity and low mass density. For this study three di�erent insulation systems are considered:
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multi layer insulation (MLI), aerogel and polymer foams. Especially in long range �ights an appro-
priate insulation system is necessary to minimise losses due to boil-o�. The �gure in 7 displays the
density respectively the thermal conductivity of various insulation materials. It shows that polymer
foams o�er the best solution as they o�er a low thermal conductivity and a low density. Multi
layer insulation with vacuum jackets can reach thermal conductivity two orders of magnitude lower
than the best polymer foams [41]. However, a collapse of the vacuum system would diminish the
insulation e�ectiveness and thus heat leakage would cause a pressure rise inside the tank leading to
rapid boil-o� [38]. Finally, low density �exible foam is used as insulation material.

3.3.2 Mechanical design
Despite non-integral con�guration, the tank has only been design to resist pressure loads. External
loads and connections of the tank to structure are not feasible within the scope of this project. To
compensate this simpli�cation, a safety factor was considered. As mention in [38], the optimum
venting pressure for a speci�c mission and aircraft size is a compromise between tank weight and
the amount of fuel to vented or insulation weight. Since the material of the tank and the venting
pressure have been selected in section 3.3.1, the thickness for cylindrical and spherical walls is
calculated based on the ASME Boiler and Pressure vessel code [42]. Both thicknesses are calculated
for limit load. Table 3.5 shows the calculated values for each tank.

3.3.3 Thermal Design
The thermal design of the tank is essential for the success of the mission and the overall design.
Thermal losses due to huge temperature gradient directly a�ect to the global e�ciency of the mission
as well as to the range of the aircraft. In order to prevent excessive boil-o� of the LH2 propellant, an
e�ective insulation of the tank is required. Thus, one-dimensional steady-state model based on the
electrical resistance analogy has been performed in order to estimate the heat �ux leakage. Equation
3.2 states the calculation of the heat �ux, which depends on internal and external temperature and
the equivalent resistance.

Q =
Tair � TLH 2

Requi
=

Tair � TLH 2P
Ri

(3.2)

where Requi is the total resistant resulting of the summation of both internal and external natural
convection and also both conductivity resistances of the tank wall and coating. Due to non-integral
tank con�guration, external natural convection has been applied, since the outer wall of the tank is
not in contact fuselage surface. As both temperatures are known during the �ight (It's assumed that
temperature inside the fuselage is the same as outside temperature), the only missing parameters
would be the value of each resistance. It is important to remark that an extra 30% of heat transfer
have been added due to the unconsidered losses of the model related with supports, connections,
simpli�cations and the piping [38].

Natural Convection For external natural convection, the correlation of George D. Raithby and K.G.
Terry Hollands [43] for horizontal cylinders has been used to calculate Nusselt number, whereas for
internal convection a di�erent approach has been adopted. As hydrogen is present in two phases (gas
and liquid), a di�erent correlation has been implemented for each phase. For gas phase, Churchill
and Chu correlation has been selected [44], since it takes into consideration the destabilised of the
boundary layer for laminar and turbulent regime. For the liquid, the correlation suggested by [44]
was used, where both the Nusselt and Rayleight numbers are based on the height of the liquid
phase. As the fraction of vapor-liquid is changing over the �ight, total internal heat coe�cient is
calculated as follows:

hin =
1

Sw
(hin;gas Sw;gas + hin;liquid Sw;liquid ) (3.3)

Conduction The resistance due to conduction has a major in�uence on the heat �ux due to the
low conductivity of the insulation foam. As this conductivity depends on temperature, the mean
temperature between both surfaces of the coating has been used to determine the conductivity.
An iterative calculation should be performed to get both external and internal heat transfer coe�-
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Table 3.5 : Geometric parameters

Parameter Unit Inner Middle Outer

Storage volume [m3] 84.6 37.9 14.7
Inner radius [m] 1.44 1.05 0.74
Insulation thickness [cm] 20 20 20
Wall thickness cylinder [mm] 3 2 1.5
Wall thickness spherical heads [mm] 1.5 1.2 1
Length [m] 13 11.1 8.6
Mass [kg] 2630 1880 1470

cients. Once both are calculated, the total resistance is obtained an so, the heat �ux for di�erent
thickness of the coating. As the e�ective thickness for the tank has to be found, a parametric study
variation the insulation thickness has been performed. A schematic model of the detail calculation
process presented in Appendix E.1.

3.3.4 Results
The �nal choice of the insulation thickness for each tank is based on the compromise between
maximizing the volume, taking into account the losses due to boil-o�, and minimizing the weight.
Adding more insulation thickness results in the one hand in a reduction of boil-o� losses, but on
the other hand it is decreasing the usable volume as well as adding weight. The mission pro�le
determines the required fuel massmreq, if a certain massmvent is vented, additionally storage is
needed, therefore the total fuel mass needed is the sum of those. The dimensionless parameterrm =
mreq=mf therefore evaluates the e�ciency of the insulation and quanti�es the losses due to boil-o�.
To evaluate a mass-based e�ciency of the system the dimensionless parameter� = mf =(mf + mt ) is
introduced, to evaluate a mass-based e�ciency. The product of� and rm is the overall e�ciency of
the fuel system� req [40]. Additionally a vapor cooled shield (VCS) is installed, which reduces boil-
o� rates signi�cantly. The VCS consists of a spiral tube inside the insulation, where evaporated
hydrogen swirls around the tank, absorbing some of the heat leakage and thus reducing boil-o�
losses by up to 60% [45], thus achieving e�ciency values forrm = 0 :988, � = 0 :77 resulting in an
overall e�ciency of rm = 0 :988.

3.4 Aircraft Cabin Design for Global Market
Since the aircraft design process is a delicate balance of various facets, the cabin layout as an integral
part of the overall concept targets not only the structural weight minimization, but also numerous
other requirements such as ensuring a safe evacuation and seamless ground operations [46].

3.4.1 Passenger Experience
Improvements were made taking both the passengers comfort and the aim of reducing weight on the
part of the airlines into account. While providing safety and comfortable support are still the main
functions of the passenger cell the �ight experience three decades from now will look di�erently,
not just the cabin itself, which is a�ected by the current revolutionary aircraft con�guration, but
also how the passenger perceives it. Due to the fact that physical mock-ups are very cost-intensive
and complex acceptance tests with regard to future cabin concepts are di�cult to conduct [47],
the present cabin o�ers maximized space to implement more �exible cabin design adapting to the
dissolution of traditional cabin compartments [48]. As mentioned above the centerbody contains �ve
separated longitudinal tubes where all passengers are seated on one deck. Due to the con�guration
characteristics and because of weight-saving measures a windowless design is implemented. In order
to avoid any claustrophobical feeling or an uncomfortable condition on the part of the passenger
high �delity displays are embedded into the side wall showing images captured by an outboard
camera. As the total absence of windows is one of the most challenging issues concerning the
passengers acceptance, existing airplane's window holes can �rst be replaced by hidden screens
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to make the passenger get used to the windowless concept.[49] The elaborated cabin layout is
illustrated in 3.8. In the forward area 8 lavatories, 40 FST, 6 HST and 136 SU are integrated. In
order to ensure a safe evacuation 6 cabin attendant seats are each provided in the front and aft
fuselage. In case of supplying additional passenger service the number can be adjusted. The center
part provides a total seating capacity of 531 in the all-economy con�guration (7 additional seats
compared to the B747-400ER) with a seat width of 18" at 33" pitch combined with an 7" recline
while o�ering the additional possibility to implement common two- or three-class seating options.
The aft fuselage houses 4 lavatories, 22 additional FST and 60 SU. As an e�cient turnaround
is an integral part of airline's success it is necessary to keep maintenance as simple as possible.
For this reason, a spatial mixing of seating, toilet and galley area is avoided, which additionally
increases the passenger comfort due to reduced noise level. With a focus on very high passenger
convenience the customizable seats o�er amenities like additional stowage, advanced ergonomics,
in-seat power supply and Bring Your Own Device (BYOD) integration. To suit the needs of the
passenger especially on long-distance overnight �ights an advanced chronobiologically-adapted cabin
lighting system is integrated to improve the wellbeing and reduce jet lag [50]. A detailed view of
the cabin layout is presented in �g Appendix L.4 and Appendix L.5.

Figure 3.8 : Cabin layout

3.4.2 Cargo Compartment
The cargo compartment is located in the under�oor of the passenger cabin. The type of freight
commodation varies depending on the cargo hold height. In the middle tube, the storage of cargo
in 14 LD3-45 containers is ensured. Due to the lower load compartment height, only the use of 26
PKC pallets is possible in the two inner tubes [51]. In the two outer tubes, the accommodation
of bulk cargo is possible. Overall, the cargo hold o�ers maximum load capacity of 150 m3, with
o�ering 11 m 3 more than the B747-400ER.

3.4.3 Emergency Evacuation
As required by the airworthiness authorities at least the safety standard demonstrated in existing
aircraft must be guaranteed for the certi�cation of new aircraft types. To ful�ll the requirements the
maximum distance of 60ft between two exits is complied with. For all airplanes with a capacity of
more than 44 passengers it must be demonstrated that all occupants, including crew members, can
evacuate the cabin within 90 seconds with not more than half of the exits available [52]. This test
shall be performed using an agent-based egress simulator which is designed to reproduce evacuation
scenarios. Based on the cabin layout a simulation model is created including the main components,
such as aisles, seats, doors and evacuation slides. According to the Certi�cation Speci�cations the
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passenger load requires 5 Type A exits on each side of the cabin. However, an additional exit pair
is needed in this design, in order to comply with the required maximum evacuation time. For the
evacuation a representative passenger load is considered as speci�ed in the Appendix J of the CS-25
(see Appendix M). In order to comply with these regulations the pro�lesMan, Woman, Old Woman,
Old Man and Mother are created. These pro�les are characterized by walking speeds and waist
sizes with regard to sex and age group (see Appendix D.1). Since the movement of an occupant
is restricted in the legroom between the seats, a speed modi�er of 0.5 is imposed. In addition,
an initial delay at the beginning of the evacuation is considered in order to simulate the seat belt
release and reaction time. Movement con�icts and collisions between the occupants are taken into
account. The simulation model before and during the evacuation process is shown in the �gures3.9
and 3.10.

Figure 3.9 : Initial simulation con�guration Figure 3.10 : Con�guration during evacuation

With the shown model 20 simulation runs are performed. The average values for evacuation time
and �ow rates are shown in table 3.6.

Table 3.6 : Evacuation simulation data

Exit 1R 2R 3R 4R 5R 6R

Flow rate [PAX/s] 1.48 1.47 1,32 0.74 1.18 1.35

Evacuation time [s] 82.3
Std. deviation [s] 2.16

For Type A exits a reference value of 1.675 PAX/s can be considered [53]. Although the obtained
exit �ow rates in the simulation model are smaller than the reference value, the cabin was evacuated
within 90 seconds using only 50% of the exits. Nevertheless, the evacuation of a BWB constitutes a
novelty in the aviation industry which may require amendments in terms of the certi�cation criteria.

3.4.4 Ditching
Although ditching is extremely rare in modern aviation, this case has to be considered in the cer-
ti�cation process if requested. Due to the fact that the ditching behaviour cannot be simulated it
has to be examined on the basis of model tests or with the help of reference aircraft con�gurations
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with known ditching characteristics. The current con�guration is in accordance with the require-
ments of CS 25.801(i) and the entire equipment demanded in CS 25.1415 is available. [52] During
the ditching event the centerbody has to withstand high pressure loads, with blended wing-body
con�guration o�ering a better crash performance over classic tube-and-wing con�gurations. Addi-
tionally the engine installation at the rear has the advantage that passengers are protected from
injury as well as the engines themselves are shielded from fragments [54].

4 Aircraft Characteristics
Where the previous chapter explained the interaction of the components, this chapter is focused on
the capabilities of the BWB as a whole. Therefore, the potential mission pro�les will be assessed,
the mass will be broken down into single fractions, �ight mechanical considerations are made and
the performance requirements are examined.

4.1 Mission Profile
The mission pro�le divides the mission into segments which are characterized by constant atmo-
sphere and performance parameters. Hence, each segment can be represented by average parameters
which provide appropriate results regarding the conceptual design phase.
For the following design process, two related mission pro�les are considered. The �rst represents the
typical design mission according to the CEAP LTO-cycle. Based on this, energy calculations and
ground handling applications can be conducted. The second pro�le additionally covers all alternate
and exceptional cases, which can occur during the �ight. Hence, it describes the worst case mission,
which constitutes the foundation for the fuel mass determination and the tank dimensioning. Both
pro�les are collectively shown in �gure 4.11. The performance data will be shown for each segment

Figure 4.11 : Design mission pro�le

of the pro�les in section Appendix J.

4.2 Mass determination
The mass determination is divided into fuel mass and an overall mass breakdown. Both are based on
conventional design methods, which are adjusted to the blended wing con�guration and hydrogen
as fuel.

4.2.1 Fuel Mass Fractions
The fuel mass is a critical factor in the design process that facilitates comparisons of energy con-
sumption (see section 6.1) and the tank design (see section 3.3.1). It is mainly based on a modi�ed
fuel fraction method referring to Roskam's [55]. Therefore, several suggested Roskam fuel fraction
factors RFFF are assigned to each mission phase being similar to the mission pro�le segments from
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section 4.1. In order to match the real masses of the B747-400ER the chosen RFFF deviate from
the original ones. Usually the factors apply to conventional jet engines burning kerosene. Since
the propulsion's physical principal remains the same, as stated in section 3.2.1, the application of
a hydrogen adjusted Roskam method is legitimized. The combination of modi�ed fuel fraction fac-
tors (MFFF H2) and the Breguet formula delivers a proper fuel mass determination for this special
con�guration. Section Appendix J provides an overview of the calculation method which the fuel
mass of each mission segment is calculated with. Both modi�cations are discussed in the following
paragraphs.

H2-Modification of Fuel Fraction Factors For each segment (design:j = 1 :::7a, worst case:j = 1 :::12)
the RFFF is de�ned as shown in equation 4.4 left. The goal of the modi�cation is to achieve an
equivalent fraction factor which is valid for hydrogen, such as in equation 4.4 right.

RFFF j =
mK,End, j

mK,Start, j
MFFF H2,j =

mH2,End, j

mH2,Start, j
(4.4)

Therefore, the calori�c equivalent for each phase of the mission can be compared with the quotient:

mH2,Start, j � mH2,End, j

mK,Start, j � mK,End, j
= f KtoH2 (4.5)

In the equation, the calori�c equivalence factor represents the ratio between the inferior heating
values of both fuels: f KtoH2 = H i; K

H i; H2
.

The corresponding mass must be equal to the di�erence between the start and end mass of each
segment, because the only weight loss is caused by consumption of fuel. Because hydrogen has a
higher calori�c value than traditional fuels like kerosene, less is needed to obtain the same energy
yield. The question remains, to what extent will hydrogen fuel a�ect the start and end mass of
each mission phase. Using the takeo� mass as an initial iteration value, the following two cases may
arise:

a. The start mass decreases (while the end mass remains constant) for each segment preceding
take o�.

b. The end mass increases (while the start mass remains constant) for each segment following
take o� segment including the take o� mission itself.

These assumptions result in the following modi�ed fuel fraction factors for hydrogen at each respec-
tive mission segment:

MFFF H2,a,j =
�

f KtoH2 �
�

1
RFFF

� 1
�

+ 1
� � 1

(4.6)

MFFF H2,b, j = 1 � f KtoH2 � (1 � RFFF) (4.7)

Equation 6.15 may be used to calculate the MFFFH2,j prior to take o� and equation 6.15 after the
take o� segment.

H2-Modification of the Breguet formula Breguet's range formula can be used to calculate a fuel fraction
factor for climb and cruise phase for which su�cient data is available. For the take o� and descent
phase the fuel fraction factor by Roskam is used.
The equation can be formulated as a fuel fraction (see equation 4.8).

mEnde

mStart
= e� SF C � " �g

v (4.8)

Because the SFC is the only parameter related to the mass of kerosene, an adjustment is required.
Similarly, the calori�c modi�cation above is valid:

SFCH2 = SFCK � f KtoH2 (4.9)
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For the cruise and climb segment speci�c fuel consumptions for keroseneSFCK can be calculated
with the help of the approximation of Torenbeek [56]. Table Appendix G.1 provides the required
engine parameters. As speci�ed by equation 4.9, the resulting values areSFCH2,CR = 0 :1460 kg

daNh
and SFCH2,CL = 0 :1995 kg

daNh with which the Breguet fuel fraction factors (BFFF H2).
All adjusted fuel fraction factors are listed in section Appendix J. Besides, further modi�cation
of the SFC and MFFFH2 regarding any fuel savings is considered in section 6.1. Accordingly, the
values for any hydrogen fuel mass already include the savings.

4.2.2 Mass Breakdown
An accurate mass prediction at the preliminary design stage is essential for the proper calculation
of the Maximum Take O� Mass (MTOM), a design parameter of utmost importance. The semi-
empiric weight prediction method according to Torenbeek delivers adequate results at early design
stages [56]. To provide the necessary comparability, both the baseline and the new conceptual
airplane are calculated with this method, apart from a few exceptions which are speci�ed below.
The main di�erence between the BWB and the B747-400ER is the centerbody. To get a �rst
weight estimation the equations in "A Sizing Methodology for the Conceptual Design of Blended-
Wing-Body Transports" can be used [57]. The centerbody is composed of a pressurized passenger
compartement and an aft non-pressurized section which is used to support the engines. The wing
part can be calculated derived by Torenbeek. The pressurized passenger compartment has the
weight of the fuselage and is calculated as follows:

Wfuse = 5 :698865� 0:316422� (MTOW )0:166552 � (SCabin )1:061158 (4.10)

In the equation MTOW is the maximum takeo� mass and SCabin the planform cabin area. This
equation and the constants were developed with a �nite element analysis. The aft non-pressurized
section can be calculated with the following equation:

Waf t = (1 + 0 :05� NEngines ) � 0:53� Saf t � MTOW 0:2 � (taperRatio af t + 0 :5) (4.11)

WhereNEngines is the number of engines. The detailed mass breakdown can be found in Appendix B.
With 201,003 kg the operating empty mass is about 10% higher compared with the operating empty
mass of the B747-400ER which is a result of the di�erent tank design. A consequence of the the
new BWB tank design are additional mass fractions, and therefore a higher operating empty mass,
due to the required cooling system which causes an increase of the airframe structure weight by
10% compared with the B747-400ER. The BWB has a MTOW of 289,994 kg.

4.3 Performance
The mission performance capabilities consist of start, climb, cruise and landing performance. Each is
dictated by the mission performance of the B747-400ER as a minimum requirement. All performance
calculations are carried out assuming standard conditions for pressure, temperature and density
(ISA).

4.3.1 Take off and Cruise
By matching the take o� thrust requirement and the cruise thrust requirement the necessary thrust
to be installed can be con�gured. In addition parameters, such as wing loading, lift coe�cient, drag
to lift ratio and initial cruise altitude (ICA) are either calculated or obtained from literature. A
calculation method for both requirements is provided by the chair of Aircraft Design and Aerostruc-
tures of the TU Berlin. The principle is illustrated in �gure 4.12.
The method suggests that the static thrust to weight ratio for take o� is modeled as a function of
a variable which runs from 0 meters to the take o� �eld length (TOFL). As required the TOFL
is equal to the reference case (see table 2.2). Furthermore the scenario of a single engine failure
during take o� must be accounted for in accordance the CS-25. In order to set the engine failure
recognition speed the optimization concept of the Balanced-Field-Length is applied.
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The required static thrust to weight ratio during cruise results from equilibrium of forces in a sta-
tionary horizontal �ight state.
After plotting both functions (see 4.12), the thrust matching can be performed. As shown in �gure
4.12 the functions depend on a variety of parameters. The assumptions for these parameters are
discussed in the following paragraphs.
Value ranges for the aerodynamic parameters, which can be derived from literature, are considered
as follows:

ˆ Lift coe�cient for take o�: 1.1-1.3 [58], [59], [18]
ˆ Lift to drag ratio for take o�: 8-12 [58], [59], [18],
ˆ Lift to drag ratio in cruise phase: 23-26 [58], [59], [18]

These ranges will need to be adjusted during the iteration process. Chapter 3.1.2 demonstrates that
CFD methods are useful to obtain values which can be applied to this design process.
The wing loading of a BWB is typically lower compared to conventional aircrafts with similar
dimensions. This is related to a rising surface area, whereas weight remains nearly constant. The
literature provides a value range of approximately 2,500-4,000 N/m2 [58], [59], [18]. As an initial
value for the iteration a lower wing loading for take o� was set. This is due to the necessity of a
high total surface area which is divided into the wing and center body area. A considerable part of
the surface area is already covered by the center body due to the high volume requirements of the
tank and cabin. To ensure that the outer wing has a su�cient wing span, the remaining wing area
must be adjusted in accordance with the chosen wing parameters in chapter 3.1.2. This directly
a�ects the total wing area. The high surface area also leads to high friction drag which must be
compensated by an increase of the initial cruise altitude. In order to achieve a balanced propulsion
design, the ICA must be restricted by the minimum required thrust for cruise.
Because the thrust directly a�ects the engine weight, it is desirable to minimize the required thrust.
Figure 4.12 illustrates that the static thrust to weight ratio is matched between take o� and cruise
phase at its possible minimum. In table 4.7 the �nal parameters resulting from the thrust matching
are summarized. The lift coe�cient in cruise, which derives from the horizontal �ight condition,

Table 4.7 : Final thrust matching data

Parameter Value

Required static thrust to weight ratio [-] 0.253
Installed static thrust [kN] 717,067

Take o�

Wing loading
�

W
S

�
TO [N/m 2] 2,173

Lift coe�cient CL; TO [-] 1.1
Lift to drag ratio

�
L
D

�
TO [-] 12

Thrust [kN] 534,664

Cruise

Initial Cruise Altitude [m] 11200
Lift to drag ratio

�
L
D

�
ICA [-] 23

Thrust [kN] 120,768

equals to 0.194 at an angle of attack of approximately 4� (see �gure 3.5).

4.3.2 Climb
The climb thrust requirement is not taken into account in the propulsion dimensioning assuming
that the installed thrust, which is calculated above, ful�lls this climb thrust requirement. Hence,
it is necessary to check wether the climb performance capabilities of the baseline comparison can
be reached. Therefore, a climb performance, in terms of a mean climb velocity, is approximately
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