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1 The Need for Change

"Beim Erdol liegt die Zukunft hinter uns.” (Josef Auer, Analyst) [1]

Before the existence of modern civilization, the atmospheric concentration of COs 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 first 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 CO9 emitted by the aviation industry is only 2% [5], it plays an
important role in fighting the climate change due to its high radiative forcing index (RFI). This
factor takes into account that aside from COs air traffic also emits numerous other climate-relevant
emissions, like NOx, soot, and contrails into the atmosphere whose warming effects are significantly
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
artificial emission source at high altitude, has a climate and environmental responsibility to develop
sustainable air transportation with almost negligible COy input. Although airlines have reduced
their fuel consumption in recent years and transport capacity is increasingly decoupled from fuel
consumption [6], absolute COy emissions have increased as a result of the simultaneously rising
traffic volume. With an average annual growth of 5% and a doubling of air traffic every 15 years
[7], this is insufficient to achieve aviation’s high-level emission reduction goals defined 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, efficient infrastructure and
adapted economic measures [10]. The component wise improvement of a classic “tube and wing”
aircraft configuration may not be able to deliver the required enhancements at aircraft level. Conse-
quently, key to meeting ambitious future demands are disruptive configurations 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 modifications 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-
fined 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 configurations have been elaborated, however, only the fi-
nal results refined in several iterations are presented. To validate the integration into the overall air
traffic 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 finally evaluated from different 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-efficient 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-Pacific 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 traffic growth and handling 95% of all long-haul flights
in the future [12|. As already mentioned, airlines have reduced their fuel consumption in recent
years. Albeit long-haul traffic has a specific fuel consumption of just 3.511/100pkm (medium-haul:
3.981/100pkm, short-haul: 5.861/100pkm), with 60% it makes a comparatively large contribution to
total fuel usage [13]. Caused by the large flight distance and the high number of passengers this
results in greater absolute COy emissions with an increased climatic effect 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 flexible 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 influence 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 unprofitable. 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 finally an overall design concept tailored to the use of hydrogen was
sought, considering it as the most promising.

In addition to low emissions hydrogen offers 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, efficient and competitive configuration.
Bearing this in mind using a hydrogen-powered blended-wing-body configuration serving long-haul
routes, the design process is driven towards meeting the market requirements while maximizing the
synergy effects 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
first select a reference aircraft. This defines the specific mission requirements, especially in terms
of range and payload, as well as the take off 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 first 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 efficiency
has to be found. In order to determine which aircraft has the best energy efficiency in the different
classes, the payload range diagram is used which indicates every possible combination of payload and
range for a specific aircraft type and can be found in the respective ACAP (Aircraft Characteristics
for Airport and Maintenance Planning). Therefore one characteristic point is identified 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 specific transport energy (STE) can be defined as a comparison
parameter.

9 Mpayload, MTOM * R (2.1)

MEuel, MTOM

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 findings of the market analysis.

STE =

Table 2.1: Specific transport energy of relevant aircraft

Class Aircraft Payload [kg] Fuel [kg] Range [NM] STE [kig]
wide-body, Airbus A340-300 52,685 98,500 9,653 54,929,275
single-deck Boeing 777-200ER 56,940 91,900 9,180 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 configuration 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
Takeoff field length [m] 3,095
Landing field length [m)] 2,164
Aproach Velocity [kts] 153

As seen in Appendix C.1 various key technologies have been identified to target the top level
requirements. To ensure feasibility a TRL of at least 5 is assumed. In the following section the
overall configuration is presented which is based on the optimal exploitation of synergy effects to
meet future goals.
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3 Ultra-efficient Design

Due to the decreasing scale of improvement of nowadays common aircraft configurations and com-
ponents, a radically new concept is needed to fulfill the demands and challenges of emerging future
air traffic, 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 efficiency and passenger comfort [8], [18]. The following sections offer an
overview of used technology and their implementation into the concept design.

3.1 Blended-Wing Configuration

Common aircraft configurations suffer 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 effects, a blended-wing-body (BWB) configuration is introduced
bringing more than one positive side effect. First, due to a steady transition from body to wing
and thus no bottlenecks in flux flow, the structural stress is significantly lower compared to a
conventional configuration. Second, the pure geometry offers 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 flow
following the contour of the airfoil especially over the center body, putting the engines aft provides
boundary layer ingestion improving the effectiveness 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 flight levels and during take
off 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 offers a bigger surface area than conventional configurations, 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 fitted 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 final
configuration is presented below (figure 3.1 and figures Appendix L.1 to Appendix L.3.

Figure 3.1: Sideview rendered
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3.1.1 Multi-Bubble Centerbody Design

The first step in this BWB design method is the selection of airfoils for the centerbody. Compared
to the airfoil selection for common tube-wing-configurations, there are only a few freely accessible
airfoils for BWBs or flying 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.

0.6 -

Start )
0.4 1

Generate airfoil with
BP3434-parametrization - -
P g 0.2

v

0.0 -
Cabin fits? —— [ncrease airfoil thickness
the —0.2 -
s T T T T
Y 0.01 0.02 0.03 0.04
Generate 2D mesh Cd
¢ 0.6
Run SU2 CFD analysis 0.4 4
¥ 5 0.2-
cr(r): j 83’1)7 openMDAO varies inputs 0.0
- minimyized’7 — to meet constraints and
i fo find cd minimum
—0.2
T T T T
yes -2 0 2 4
End a
Figure 3.2: Airfoil optimization flowchart 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 fitting
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
openMDAQO created by NASA, the parameters are varied with the objective to minimize drag while
still satisfying the lift and moment coefficient constraints. This process is shown in figure 3.2. After
this time-consuming optimization converges, further analysis with different angle of attack is done
with the found airfoil, to generate the polar shown in figure 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

0.2
starting airfoil —— optimized airfoil —*— cabin
0.14
N
0.04
-0.1 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X

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 difference in designing a wing for a blended-wing configuration 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 fidelity.
The first step is the definition of a wing loading using the methods described in section 4.3.1. The
resulting wing area is calculated by using the first 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 fulfills 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 coefficient 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.

c ‘L
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Figure 3.5: BWB polars calculated in XFLR5

The next step is the analysis of the aircraft with the software XFLR5 using a low fidelity vortex
lattice method. Planform and twist modifications 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 flight 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 coefficient polar.
Consequently, the moment coefficient 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 coefficient polar, which is illustrated in figure 3.5, shows that
both requirements for static stability are fulfilled. In the course of the conceptual design further
flight 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 figure 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 [m?] 1317
Aspect Ratio [-] 4.62
Wing Span [m] 79.5

openFOAM using the rhoSimpleFoam solver for turbulent flow of compressible fluids [22] with a
k-w-SST turbulence model to verify the results of the previous analysis. The pressure distribution
and streamlines at cruise condition are shown in figure 3.6. The CFD analysis shows that the
requirements to the pitching moment aren’t satisfied yet. Also, the drag coefficient 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.

o o —
o

[6)] o
Pressure Coefficient

G bL Lo
o

[— | ——

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 flap 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 simplifies the flap mechanisms, defining one flap at the
rear edge that can be deflected down- and even upwards. Therefore, the wing shape can be adapted

Ultra-efficient Design | 7



to various in-flight 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-off (T/O)
and landing (LDG) configurations. 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 offers the greatest potential savings in the
field 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 configurations 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 efficiency 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 (NO,). Even though non-
optimized combustors increase NO, production, an optimized combustor provides the opportunity
to lower NO, emissions. To achieve this objective the main parameters for NO, production need
to be identified. Research by Levebre [27] shows that the main parameters for decreasing NO,,
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 efficiency. Increasing
the mixedness poses a risk of flashbacks for hydrogen. Lowering the residence time of the reactants
by increasing the air speed in the combustor could result in flame out.

The micromix hydrogen combustor tested by Boerner et al. [28| uses the effect of jet in cross-flow.
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Figure 3.7: Test engine NO, 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 diffusion type flamelets
instead of large flames. This results in optimal mixing and low residence time due to the short
length of the flamelets which in turn results in much lower NO, emissions than under kerosene
operation as shown in figure 3.7.

3.2.2 Next Generation Technologies

Enhanced propulsive efficiency of a modern engine is significantly influenced 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 flight [33]. Consequently,
in all other flight phases it operates off-design due to deviating inflow conditions. A promising
solution is an engine with variable fan blades, which actively influences the propulsion efficiency in
the off-design by altering the blade pitch and thus specifically 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 efficiency
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 efficiency. Further savings are possible by increasing
the thermal efficiency. This is made possible by the use of an IRA, which offers great potential
for savings, so that the engine can be optimized with regard to overall efficiency. Since the mutual
influence of these new technologies is difficult 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 efficiency [37] and the exploitation of the synergetic effects of hydrogen on the overall system
[38]. The focus of the first 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 (LHs) and liquid methane (LCHy). Both cryogenic fuels
have a high specific energy, are lighter, thus reducing take-off 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, LHy and LCH4

Parameter Unit Jet-A Fuel LH, LCH,
Specific energy [MJ/kg] 43.2 120 50
Specific density p [kg/m?] 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 specific 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, CO4 and in a lower level, NO,.

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 LHo [16]. Tank design and configuration are dependent on both aircraft (set an upper
limit on the tank diameter) and engine configuration (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]. Only 6°C keep the liquid hydrogen from evaporating,
causing fuel loss (boil-off) due to pressure rise inside the tank. Therefore, insulation and tank wall
material are truly important to respectively minimise boil-off 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 first 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 configuration. The advantages of this configuration 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 different dimensions due to our center body design. The different
measurements of the tanks are displayed in table 3.5. Another concern regarding the configuration
is whether the insulation will be internal or external. As stated in [16], external insulation is
selected because of the difficulty of meeting the requirement of impermeability to gaseous hydrogen
if internal insulation would be used.

Another issue to address is the tank filling and venting pressure furthermore and its significant 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 of pyen: = 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 fill 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 to priy = 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 significant 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 finally chosen
as it fulfills the requirements for yield strength and embrittlement, besides it is also used by Air
Liquide for the construction of the LHy 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
diffusivity and low mass density. For this study three different insulation systems are considered:
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multi layer insulation (MLI), aerogel and polymer foams. Especially in long range flights an appro-
priate insulation system is necessary to minimise losses due to boil-off. The figure in 7 displays the
density respectively the thermal conductivity of various insulation materials. It shows that polymer
foams offer the best solution as they offer 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 effectiveness and thus heat leakage would cause a pressure rise inside the tank leading to
rapid boil-off [38]. Finally, low density flexible foam is used as insulation material.

3.3.2 Mechanical design

Despite non-integral configuration, 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 simplification, a safety factor was considered. As mention in [38], the optimum
venting pressure for a specific 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 affect to the global efficiency of the mission
as well as to the range of the aircraft. In order to prevent excessive boil-off of the LHy propellant, an
effective 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 flux leakage. Equation
3.2 states the calculation of the heat flux, which depends on internal and external temperature and

the equivalent resistance.
Toir —Tor, — Tair — Tom,

Requi Z Rz
where R.qy; 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 configuration, 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 flight (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,
simplifications and the piping [38|.

Q=

(3.2)

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 different approach has been adopted. As hydrogen is present in two phases (gas
and liquid), a different 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 flight, total internal heat coefficient is

calculated as follows: 1

hin = ?(hin,gassw,gas + hin,liquid‘s’w,liquid> (33)

w
Conduction The resistance due to conduction has a major influence on the heat flux 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 coeffi-
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Table 3.5: Geometric parameters

Parameter Unit Inner Middle Owuter
Storage volume [m?] 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 flux for different
thickness of the coating. As the effective 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 final 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-off, and minimizing the weight.
Adding more insulation thickness results in the one hand in a reduction of boil-off losses, but on
the other hand it is decreasing the usable volume as well as adding weight. The mission profile
determines the required fuel mass myqq, if a certain mass myens is vented, additionally storage is
needed, therefore the total fuel mass needed is the sum of those. The dimensionless parameter r,, =
Myeq/my therefore evaluates the efficiency of the insulation and quantifies the losses due to boil-off.
To evaluate a mass-based efficiency of the system the dimensionless parameter n = my/(ms+my) is
introduced, to evaluate a mass-based efficiency. The product of n and ry, is the overall efficiency of
the fuel system 7,¢, [40]. Additionally a vapor cooled shield (VCS) is installed, which reduces boil-
off rates significantly. 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-off
losses by up to 60% [45], thus achieving efficiency values for r,, = 0.988, n = 0.77 resulting in an
overall efficiency of r,, = 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 flight experience three decades from now will look differently,
not just the cabin itself, which is affected by the current revolutionary aircraft configuration, 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 difficult to conduct [47],
the present cabin offers maximized space to implement more flexible cabin design adapting to the
dissolution of traditional cabin compartments [48]. As mentioned above the centerbody contains five
separated longitudinal tubes where all passengers are seated on one deck. Due to the configuration
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 fidelity 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 first 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 configuration (7 additional seats
compared to the B747-400ER) with a seat width of 18" at 33" pitch combined with an 7" recline
while offering 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 efficient 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 offer 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 flights 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 fig Appendix L.4 and Appendix L.5.

Figure 3.8: Cabin layout

0N

3.4.2 Cargo Compartment

The cargo compartment is located in the underfloor 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 offers maximum load capacity of 150 m?3, with
offering 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 certification of new aircraft types. To fulfill 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 Certification Specifications 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 specified in the Appendix J of the CS-25
(see Appendix M). In order to comply with these regulations the profiles Man, Woman, Old Woman,
Old Man and Mother are created. These profiles 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 modifier 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 conflicts and collisions between the occupants are taken into
account. The simulation model before and during the evacuation process is shown in the figures 3.9
and 3.10.
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Figure 3.9: Initial simulation configuration Figure 3.10: Configuration during evacuation

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

Table 3.6: Evacuation simulation data

Exit IR 2R 3R 4R 5R ©6R
Flow rate [PAX/s] 148 147 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 flow 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 certification criteria.

3.4.4 Ditching

Although ditching is extremely rare in modern aviation, this case has to be considered in the cer-
tification 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 configurations
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with known ditching characteristics. The current configuration 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
configuration offering a better crash performance over classic tube-and-wing configurations. 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 profiles will be assessed,
the mass will be broken down into single fractions, flight mechanical considerations are made and
the performance requirements are examined.

4.1 Mission Profile

The mission profile 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 profiles are considered. The first 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 profile additionally covers all alternate
and exceptional cases, which can occur during the flight. Hence, it describes the worst case mission,
which constitutes the foundation for the fuel mass determination and the tank dimensioning. Both
profiles are collectively shown in figure 4.11. The performance data will be shown for each segment
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Figure 4.11: Design mission profile
of the profiles 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 configuration 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 modified
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 profile 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 modified fuel fraction fac-
tors (MFFFps) and the Breguet formula delivers a proper fuel mass determination for this special
configuration. Section Appendix J provides an overview of the calculation method which the fuel
mass of each mission segment is calculated with. Both modifications 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 defined as shown in equation 4.4 left. The goal of the modification is to achieve an
equivalent fraction factor which is valid for hydrogen, such as in equation 4.4 right.

MK End,j MH2,End,j

(4.4)
MK, Start,j MH2 Start,j

Therefore, the calorific equivalent for each phase of the mission can be compared with the quotient:

MH2 Start,; — H2,End,j
MK,Start,j — ™K ,End,j

= fKtoHQ (4 5)

In the equation, the calorific equivalence factor represents the ratio between the inferior heating
values of both fuels: fkion2 = %

The corresponding mass must be equal to the difference 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 calorific value than traditional fuels like kerosene, less is needed to obtain the same energy
yield. The question remains, to what extent will hydrogen fuel affect the start and end mass of
each mission phase. Using the takeoff 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 off.

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

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

1 -1
MFFFHZ&J = <fKtoH2 : (RFFF - 1) + 1> (4-6)

MFFFyap; = 1 — fiionz - (1 — RFFF) (4.7)

Equation 6.15 may be used to calculate the MFEFFys ; prior to take off and equation 6.15 after the
take off 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 sufficient data is available. For the take off 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 _SFC-eg
—e >

(4.8)

MsStart

Because the SFC is the only parameter related to the mass of kerosene, an adjustment is required.
Similarly, the calorific modification above is valid:

SFChy = SFCxk - fKton2 (4.9)
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For the cruise and climb segment specific fuel consumptions for kerosene SFCk can be calculated
with the help of the approximation of Torenbeek [56]. Table Appendix G.1 provides the required
engine parameters. As specified by equation 4.9, the resulting values are SFCpa cr = 0.1460 d:ﬁh
and SFChacr = 0.1995% with which the Breguet fuel fraction factors (BFFFy,).

All adjusted fuel fraction factors are listed in section Appendix J. Besides, further modification
of the SFC and MFFFps 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 Off 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 specified below.
The main difference between the BWB and the B747-400ER. is the centerbody. To get a first
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:

Wiuse = 5.698865 - 0.316422 - (MTOW )*105552 . (G, ) 1061158 (4.10)

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

Wape = (1+0.05 - Ngngines) - 0.53 - Sqpe - MTOW 2 - (taper Ratiog sy + 0.5) (4.11)

Where NEpgines 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 different 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 off thrust requirement and the cruise thrust requirement the necessary thrust
to be installed can be configured. In addition parameters, such as wing loading, lift coefficient, 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 figure 4.12.

The method suggests that the static thrust to weight ratio for take off is modeled as a function of
a variable which runs from 0 meters to the take off field 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 off 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 flight state.

After plotting both functions (see 4.12), the thrust matching can be performed. As shown in figure
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:

e Lift coefficient for take off: 1.1-1.3 58], [59], [18|
e Lift to drag ratio for take off: 8-12 [58], [59], [18],
e 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/m? [58], [59], [18]. As an initial
value for the iteration a lower wing loading for take off 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 sufficient wing span, the remaining wing area
must be adjusted in accordance with the chosen wing parameters in chapter 3.1.2. This directly
affects 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 affects 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 off and cruise
phase at its possible minimum. In table 4.7 the final parameters resulting from the thrust matching
are summarized. The lift coefficient in cruise, which derives from the horizontal flight 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 off
Wing loading (%)TO [N/m?] 2,173
Lift coefficient C, 1o [] 1.1
Lift to drag ratio (%)TO -] 12
Thrust [kN] 534,664
Cruise
Initial Cruise Altitude [m] 11200
Lift to drag ratio (%)ICA -] 23
Thrust [kN] 120,768

equals to 0.194 at an angle of attack of approximately 4° (see figure 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, fulfills 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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Figure 4.12: Thrust matching between take off and cruise

determined as follows:

T
wer = SET -veor = [WCL —ECL

VoL (4.12)

Besides, the knowledge of the specific excess thrust (SET), which consists of the difference between
thrust to weight ratio and drag to lift ratio for climb, is essential. The ratio is calculated with the
installed static thrust (see previous section), which must be modified by taking inlet pressure losses
and performance map induced losses into account. Dividing the required thrust for climb by the
mean climb weight equals the required ratio. Furthermore, in conceptual design phase the following
estimation can be used:

cor = 1.1 -ecp (4.13)

Under consideration of all assumptions the mean climb velocity is 5.32 m/s (with a SET of 0.0303),
while the reference aircraft provides a mean climb velocity of 8.04 m/s [60]. It is shown that the
required climb performance is surpassed.

4.3.3 Landing

Two restrictions will define the landing segment of the mission profile. The first requires that the
available landing field length is not exceeded. According to the second restriction the approach
speed must be 30% higher than the stall speed while preparing to land. Both restrictions will limit
the maximum landing wing loading and can be found in table 2.2. The maximum values were
obtained from the drag to lift ratio and the lift coefficient for landing. The value ranges extracted
from the literature are written below:

e Lift coefficient for landing: 1.2-1.5 [58], [59], [18]
e Lift to drag ratio for landing: 8-10 [58], [59], [18]

Table 4.8 contains the maximum values with respect to both restrictions, the corresponding aero-
dynamic parameters and the wing loading calculated.

Comparing the values it can be noted that both restrictions are respected.

High lift devices are required to fulfill the aerodynamic parameters (see 3.1.3), to achieve the
necessary take off and landing performance. This becomes clear when comparing the lift coefficient
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Table 4.8: Final thrust matching data

Parameter Value
Max. Wing loading (due to landing field length) (% ) 1D ey IN/m?] 2,0329
Max. Wing loading (due to approach velocity) (%)LD m;x ) ,[N /m?| 2,469
Wing loading (%)LD [N/m? 2,013
Lift coefficient Cf 1p [] 1.2
Lift to drag ratio (%), || 10

polar in figure 3.3 with the chosen values.

5 Feasibility

A highly performant system, such as the introduced one requires an adapted thought through
airport infrastructure to deliver the ecological benefits, economical advantages and reduced impacts
of the environment, it is capable of. After mentioning the integration into existing systems, selected
adaptions are displayed here.

5.1 Assimilation to Existing Systems

Today’s ground procedures are highly optimized for present aircraft configurations and infrastruc-
ture [61]. Although the presented concept is disruptive at many levels the implementation into
existing systems is considered. One aspect is ground handling which is explained in the following
and displayed in figure 5.13. There is not much change to the existing procedures: Passengers
board the plane from one side (using up to three gangways) while maintenance and service vehicles
approach from the opposite. Cargo applications are separated from passengers entry, approaching
the aircraft mostly from behind. Table 5.9 shows all service positions and their respective num-
bers. Arrows implicate a further movement under the body and then reaching for cargo doors from
behind (bulk and baggage cargo loaders) or the nose wheel from the front (TaxiBot - explained
below). With further improvement of ground procedures, highly efficient turn around times can be
achieved, reducing CO5 even more and optimizing the airports as bottleneck of modern Air Traffic
Management (ATM) [62].

Table 5.9: Service positions

Nr Service Position Nr Service Position

1 Gangways 5 Cabin Cleaning Vehicle
2 Bulk Cargo Loader & Trailer 6 TaxiBot

3 Galley Service Vehicle 7 Fuel Service

4 Baggage Cart (Cargo Loading) 8 Cart with LD3-45

5.1.1 TaxiBot

As a disruptive approach for ground manoeuvring and taxiing the TaxiBot is introduced [63]. It is
capable of lifting the front wheel up, pushing the aircraft and drive it to the runway holding point
without any modifications necessary to the aircraft [64],[65]. After the push back the pilot takes
control over the bot (Pilot Controlled Mode [66]), using it instead of the aircraft’s wheels, brakes
and engines [65] leading to reduced fuel burn (by 85 %), gas emissions (by 85 %) and noise (by 50
%) [64]. Furthermore, the bot’s fuel consumption varies from 2-5 % the amount of taxi fuel used by
an Boeing 747 [67] or A380 [63]. Till 2045 the propulsion concept is expected being fully electric and
providing electric, pneumatic and hydraulic power for the aircraft. As a result of the power supply
by the TaxiBot an APU is expendable. Due to higher mass and friction, the TaxiBot provides more
traction on slippery or icy surfaces resulting in optimized ground operation safety [66].

To maximize the advantages of the TaxiBot-system, it should be implemented first at hub airports
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Figure 5.13: Ground handling

with high taxi out times and high occupancy rates to improve efficiency and reduce block time
[66]. Although it is possible to use the TaxiBot for taxi-in procedures, those are likely to be more
complicated because it is logistically difficult to connect a TaxiBot on the taxiway [66].

5.2 Airport Infrastructure

The use of liquid hydrogen as aviation fuel comes with challenges, regarding the airport infrastruc-
ture, respectively distribution and storage. In order to maintain the aircraft, hydrogen supply must
be guaranteed on the airport. For distribution there are three different approaches.a) Transport
of liquid hydrogen b)Transport of gaseous hydrogen and liquification at the airport or c) on-Site
Production and liquification. Ideally, hydrogen would be produced and liquified directly at the
airport in order to eliminate transportation costs and losses. Implementation of this on existing
airports will require expensive adjustments and will be most likely limited due to space restrictions
[38]. The remaining methods, namely liquid or gaseous transport are obviously connected with
efficiency losses, respectively additional costs due to boiloff and/or transportation. For gaseous
transport and onsite production hydrogen needs to be liquified on the airport site. Furthermore a
significant amount of liquid hydrogen needs to be stored for possible fluctuations in the demand
from aircraft [38]. For storage applications, spherical tanks are suggested by several studies as they
provide the best volume to surface ratio as well as the best resistance to stresses caused by pres-
sure. To provide maximum efficiency, the biggest Hubs are adapted for the use of hydrogen with
an onsite production via electrolysis as well as liquification. The liquid hydrogen is then stored in
large spherical cryotanks. Sub-cooled liquid hydrogen is then delivered through insulated pipelines
under the ground to fuel the aircraft. In An approach to connect hydrogen supply for aviation as
well as for automobile traffic could offer further synergies.

5.3 Consideration of Emergency Cases

Considering general safety aspects of handling and using hydrogen for aviation, studies have shown
that the overall safety level is at least as high as when using kerosene, on the provision that safety
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procedures are strictly observed [68].

It is commonly believed that the handling of a hydrogen-powered aircraft is similar to a conventional
aircraft, when it comes to fueling, boarding and cargo loading. Besides, turnaround times are
expected to not drastically change. In order to avoid boil-off losses the cryogenic temperatures of
the tank must be maintained. During maintenance periods the hydrogen tank needs purging before
being refueled again [69].

In order to preserve safety during operation ventilation is required which avoids accumulations of
hydrogen outside of the tank. The occurrence of leakage is less critical than with other fuels, as
it evaporates into the atmosphere fast enough to avert critical conditions. The tanks show a high
robustness and therefore are less likely to break in case of a crash. Furthermore, ignition of hydrogen
cannot be triggered by impact in a crash situation. However, thorough testing and checks must be
performed in order to detect and asses the severity of leaks [38].

6 Sustainability

The aspect of sustainability is essential in order to achieve long term solutions in the aviation
industry. For this it is necessary to seek a compromise between economic interests, the preservation
of the environment and human needs.

6.1 Energy Consumption

Corresponding to section 2.2 a total energy reduction of at least 60% is one of the design study’s
main target. Since the BWB configuration including its aircraft characteristics is known, a first
approach will be formulated in order to determine the energy consumption.

The first law of thermodynamics states that ,The change in energy of a system is equal to the
difference between the heat added to the system and the work done by the system*.[70] Considering
that burning fuel is the only supply of energy to the system, the energy consumption can be derived
from the calorific potential of each fuel. Therefore, the inferior calorific value or the inferior heating
value, is defined as ,,The amount of heat which would be released by the complete combustion in
air of a specified quantity of gas [...]“. [71] Hence, with the knowledge about the fuel consumption
of each segment as it is calculated in section 4.2.1, the energy consumption for each aircraft can be
determined and a comparison between both can be drawn. Prior to that, it is necessary to consider
all assumed savings from table Appendix C.1. Therefore, the fuel fraction factors, which are already
adjusted to the combustion of hydrogen, reiceive a further modification concerning the fuel reduc-
tion benefit (FRB). The implementation of the FRB’s is divided into the different types of benefits
and will be discussed as follows. All aerodynamic improvements are represented by the assumed lift
to drag ratio of 23 (see 4.3.1). The ratio is incorporated in the formula of Breguet (see equation 4.8).

Usually all engine improvements are reflected in the specific fuel consumption. However, the SFC
approximation of Torenbeek (see section 4.2.1) only takes parameters into account which are spec-
ified in table Appendix G.1. Hence, the fuel reduction benefits induced by features like the GTF,
VPF, BLI, fan improvements and bling-concept, are merged to an engine feature benefit (EFB) of
38.65 %. Every single feature benefit can be found in section 3.2. Similarly to equation 4.5 the
following quotient is formulated:

MNew,Start,j — MNew,End,j
moid,Start,; — "OId,End,j

=(1—-(FFB)) (6.14)

The index ,New* indicates the EFB, whereas the index ,0ld“ just represents the modification from
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kerosene to hydrogen. This approach leads to improved fuel fraction factors (IFFF).

1 —1
IFFF, . = ( (1 — EFB) - —1 1 1
J <( ) <textMFFFH2’b,j >+ ) (6.15)

IFFFy; = 1 — (1 — EFB) - (1 — text M FF Fyga ;) (6.16)

Again both cases (prior to and following take off segment) are considered.

Mission optimization leads to a TaxiBot described in 5.1.1. As described, the consumption of a
taxi with the bot compared to an usual taxi is assumed to be 5%. Thus, the equivalent taxi fuel
mass is calculated based on an taxi fuel fraction factor (TFFF). TFFF is derived from the hydrogen-
modified TFFF which is improved by the taxi bot benefit of 5%. The equivalent improved hydrogen
mass is transformed into an equivalent hydrogen energy which equals the bot’s electric energy for
one taxi phases.

Furthermore, the reduction of any mass always is advantageous in terms of an decreased fuel con-
sumption. Due to the cumulative effect a local reduction of mass is always affecting further mass
losses. It is clear, that the whole process is iterative. Eventually, the targeted energy reduction is
surpassed, as this design reaches a value of 62.2% compared to the reference case. The energy of
each segment is provided in section Appendix J

So far, the energy determination is largely based on the propulsion energy. Especially the formula
of Breguet does not include the consumption of electrical devices which the aircraft is equipped
with. Since this is also not considered for the B747-400ER the relative improvement in energy
consumption should nearly remain the same. Nevertheless, it is shown in former sections that the
potential can rise up to 80%. For instance engine concepts like IRA or the drag and mass benefits
of the ADHF were not taken into account yet and might yield a further savings potential.

6.2 Environmental Impacts

Through engine emissions and noise aircraft operation causes direct impacts on the environment.
These two issues are the main driving forces in technology research. In order to comply with the
goals set by ACARE in Flightpath2050 (75% CO2 and 90% NOx) [8], tremendous changes are
needed.

6.2.1 Emissions

Although there is a permanent improvement in fuel efficiency, the growth in passenger air traffic is
rising consequently, overcompensating the reduction in average fuel burn per passenger kilometre.
In 2012, aviation made up 3% of the total EU COy emissions and 7% of the total EU NOx emissions
. It is assumed that CO5 and NOx emissions will increase by 44% and 42% until 2035, taking into
account a reduction of 46% of average fuel burn (kg) per passenger kilometer [72]. The substitution
of kerosene with hydrogen constitutes a suitable option for the preservation of the environment. In
figure 6.14 the combustion products of kerosene and hydrogen are listed. The effect of the major

| kg kerosene* 0.36 kg hydrogen

3.16 kg CO,
Air 1.24 kg water Air 3.21 kg water
:> CO, soot, ::> y NO_,
NO_,S0,, 9.4 kg N,, Air
UHC,
112kgN,,
Air

*fuel masses of equal energy content

Figure 6.14: Combustion products of kerosene and hydrogen [16]
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exhaust products of kerosene and hydrogen combustion (CO2, NOx and water vapor) in dependence
of the altitude is shown in Appendix F.1 (derived from Seeckt [73]). Water vapor is the most
abundant and dominant greenhouse gas in the atmosphere, its global warming potential strongly
depends on the altitude [74]. The global warming potential (GWP) is calculated by determining
the fuel mass flow for each segment and relate it to its altitude dependent impact. The definition
of mission segments with the corresponding fuel consumption and altitudes as well as the time
increment is given in section Appendix J. To determine the benefit of the use of hydrogen in terms
of environmental sustainability, an energy equivalent fuel consumption for kerosene (Factor 2.8) is

calculated.
Taxiout

3
GWP=> > my- Efh)dz (6.17)
i=1 j=Tazi;n
In Appendix F.2 the difference in GWP of the different propellants is shown. The combustion of
hydrogen in this specific mission has approximately 70% less global warming potential than kerosene
(not taking into account benefits in SFC through reduction in MTOM by using hydrogen).

6.2.2 Low Noise

A minor target of this challenge is to meet the far-term target for noise reduction. The aim is a stage
4 noise reduction of 42 dB beyond 2035. In the type-certificate data sheet for noise for the B747-
400ER the lateral, flyover and approach EPNL are given [75|. The B747-400ER, with a maximum
take off weight of 412 t, has a cumulative EPNL of 299.3 dB. So the BWB needs a cumulative
EPNL of 257.3dB. This means an average EPNL of 86 dB for every single step (lateral, flyover
and approach). A great advantage of this BWB design is that the engines are mounted above the
aircraft. This way the engines are shielded from the ground by the aircraft body and shielded from
the side by the v-tail. A simulation by the NASA, which is based on real conditions (atmospheric
and acoustic), compares the noise emitted by a B777-200 with a BWB [76]. The engine model of
the B777 used in the simulation is from the GE90 series. The B777-200 and the BWB are compared
concerning their approach noise. The B777-200 has an approach noise of 99.4 dB and the BWB of
83.9 dB. The B747 has an approach noise of 102.3 dB. Only a change in the configuration to a BWB
can reduce the noise around 18.4 dB for approach. In appendix Appendix H all BWB configurations
of the NASA noise calculation are shown for every single step. In figure Appendix H.1 the noise
reduction potential from different BWB designs, which were calculated by NASA, are listed. The
main differences between the BWB configuration are the engine pylon position and design, the
design of the landing gear and the noise reduction methods of the engine like a chevron nozzle. The
main noise component of a BWB is the sideline noise (see figure Appendix H.2). The main sideline
noise is emitted by the fan and the jet (see figure Appendix H.3). With the v-tail, which will shield
the jet noise, the variable pitch fan (see appendix 3.2) and the BWB configuration a noise reduction
of 42 dB is possible.

6.3 Direct Operating Costs

For better comparison to other aircraft types and configurations it is convenient to calculate the
direct operating cost per seat mile kilometer (DOC/SMK). A simple DOC-assessment method was
developed by J. Thorbeck [77]. The DOC are split into route independent costs and route dependent
costs. The route independent costs encompass the capital costs, the insurance costs, personnel
maintenance costs and flight crew cost. An important parameter affecting the route independent
costs is the operating empty weight. The route dependent costs are based on the fuel costs, the
maintenance cost, landing, handling and ATC fees. The fuel costs highly depend on the fuel price.
In the technical report "Liquid Hydrogen Fuelled Aircraft — System Analysis" [16] the hydrogen
costs range between 0.85 and 1.4 euro per kg. For this DOC calculation a conservative fuel price
of 1.4 euro is assumed. In the Appendix Appendix N is the DOC/SMK are shown. The minimum
DOC/SMK is located in the design point at 6160 NM. The amount of the DOC/SMK is 0.025 euro
which are lower than the DOC for the B747-400ER with 0.03 euro (calculated with the same DOC
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method and a fuel price of 0.61 euro per kg). These DOC/SMK do not contain cargo or passenger
revenue and a fix fuel price is considered. With the estimated fixed liquid hydrogen price is the
BWB better than the B747-400ER.

7 Conclusion

This aircraft design report shows the first iteration of a hydrogen based blended wing body concept.
Even though the use of hydrogen as aviation fuel poses many challenges, it is the next logical step
to lower aviation impact on environment in times of steadily rising passenger volume. This design
promises to be very energy efficient, amounting to a projected 63% reduction in energy consumption
compared to the reference aircraft Boeing 747-400ER. Because fuel is a considerable cost factor for
an airline, reducing the fuel consumption directly results in lower direct operating costs. Another
advantage is the significant decrease by 70% in global warming potential due to hydrogen. Addi-
tionally, a noise reduction of 42dB is probable as a result of the BWB configuration, the engine
modifications and the tilted stabilizer.

Challenges that need to be addressed are the integration of the aircraft into the existing fleet, mod-
ifications to the manufacturing process due to hydrogen and the BWB configuration. Furthermore
regulations need to be adapted for the operation with BWB and hydrogen.

There are many opportunities for this aircraft to be a game changer in the aviation industry. The
rising political pressure to reduce CO2 emissions even further or raising kerosene prices could lead
to an earlier entry into service or additional sales because the aircraft will be profitable faster. The
passenger acceptance is a factor that could develop in both negative or positive direction, because
some passengers will like the new design, while others will reject the windowless design or consider
hydrogen to be too dangerous.

Threats to the concept are the other contenders for an alternative aircraft fuel, lower oil prices or
decreased COq regulation.

Conclusion | 25



Appendix

Appendix A Payload Range Diagram
Payload Range Diagram from B747-400ER (PW 4062 Engines)
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Figure Appendix A.1: Payload Range Diagram
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Appendix B Detailed Mass Breakdown

Table Appendix B.1: Detailed mass breakdown Boeing 747-400ER (PW 4062 engines)

Group indication Mass [kg] % DEM % MTOM
Airframe structure Wing group 49,578 29.6 12.0
Tail group 6,120 3.7 1.5
Body group 28,693 17.1 7.0
Alighting gear group 13,184 7.9 3.2
Surface controls group 3,679 2.2 0.9
Engine section or nacelle group 4,078 2.4 1.0
Group total 105,331 62.9 25.6
Propulsion group Propulsion Group 23,194 13.8 5.6
Group total 23,194 13.8 5.6
Airframe services Auxiliary Power Unit 465 0.3 0.1
and equipment Instruments, navigational equipment 1,948 1.2 0.5
and electronics group
Hydraulic, pneumatic and electrical 12,223 7.3 3.0
group
Furnishing and equipment group 21,163 12.6 5.1
Air-conditioning and anti-icing group 2,359 14 0.6
Miscellaneous 837 0.5 0.2
Group total 38,996 23.3 9.5
Basic empty mass (Delivery empty mass) 167,534 100 40.7
Operational items  Crew provisions 1,027 0.2
Passenger cabin supplies 4,526 1.1
Water and toilet chemicals 1,088 0.3
Safety equipment 1,785 0.4
Seating 7,875 1.9
Residual fuel 583 0.1
Group total 16,301 4.0
Operational empty mass 183,822 44.6
Payload Payload 67,177 16.3
Group total 67,177 16.3
Zero fuel mass 250,999 60.9
Fuel Fuel 161,026 39.1
Group total 161,026 39.1
Maximum takeoff mass 412,025 100
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Table Appendix B.2: Detailed mass breakdown H211

Group indication Mass [kg] % DEM % MTOM
Airframe structure Wing group 8,569 4.6 2.97
V-Tail 1,191 0.64 0.41
Cabin group 71,714 38.50 24.81
After centerbody 7,982 4.28 2.76
Alighting gear group 10,161 5.45 3.52
Surface controls group 2,900 1.56 1.00
Tank 10,000 5.37 3.46
Cooling system 2,000 1.07 0.69
Group total 114,517 61.47 39.62
Propulsion group Propulsion Group 20,000 10.74 6.92
Group total 134,517 10.74 6.92
Airframe services Instruments, navigational equipment 3,173 1.7 1.1
and electronics group
and equipment Hydraulic, pneumatic and electrical 24,369 13.08 8.43
group
Furnishing and equipment group 15,255 8.19 5.29
Air-conditioning and anti-icing group 6,979 3.75 2..41
Miscellaneous 1,990 1.07 0.69
Group total 51.736 27.79 17.92
Basic empty mass (Delivery empty mass) 186,253 100 64.45
Operational items  Crew provisions 934 0.32
Passenger cabin supplies 4,577 1.58
Water and toilet chemicals 2,655 0.92
Safety equipment 1,805 0.62
Seating 4,779 1.65
Group total 14,750 5.09
Operational empty mass 201,003 69.55
Payload Payload 67,177 23.25
Group total 67,177 23.25
Zero fuel mass 268,180 92.8
Fuel Fuel 20,814 7.20
Group total 20,814 7.20
Maximum takeoff mass 288,994 100
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Detailed mass breakdown Boeing 747-400ER (PW 4062)
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Appendix C Key Technologies

Table Appendix C.1: List of key technologies

Group indication Concept Technology FRB [%] TRL today
Aircraft configura- Hybrid-Wing-Body 10-30 4
tion
Aerodynamics Advanced wingtip de- Blended winglets 3-6 9
vice
High lift devices Circulation control
wings
Hybrid laminar flow 10-15 7
Structural Composite secondary 1 9
structures
Cabin LED lighting 0.5 9
Wireless in-flight enter- 0.5 9
tainment
Lightweight cabin inte- 1-5 9
rior
Windowless design 5-7 4
Systems APU Lithium Batteries 1 5
APU No APU 1-5
Landing Gear Taxi Bot 1-4 7
More Electric AC Ar- 1-5 8
chitecture
New Engine Geared Turbofan 10-15 7
Architecture New Engine Core 25-30 2
Advanced Engine Fan Component Improve- 2-6 8
Concepts ment
Fan Variable Pitch Fan
Fan Very High Bypass Ratio 2-6 7
Combustor Micro Mix
Compressor Bling 1-3
Nacelle Buried Engine 1-3
Engine Cycles Boundary Layer Inges- 1-3
tion Inlet
Ubiquitous Composites 10-15 3
Fuel Hydrogen 1-3 )
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Appendix D Walking Speeds and Waist Sizes

Table Appendix D.1: Walking speeds used in the simulation |78]

Profile Mean speed [s] Standard deviation [s]

Maximum speed [s] Minimum speed [s]

Man 2.45
‘Woman 2.34
Old 1.77
‘Woman

Old 1,93
Man

Mother 2.12

3.08 1.82
3.028 1.652
2.278 1.262
2.658 1.202
2.67 1.57

Note: The maximum speeds are calculated by adding twice the standard deviation to the mean
value. Similarly, the minimum speeds are obtained by subtracting twice the standard deviation

from the mean value.

Table Appendix D.2: Waist sizes used in the simulation [79]

Profile

Mean waist circumference [cm]

Man
Woman

Old Woman
Old Man
Mother

31.26
29.16
31.39
33.96
30.3
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Appendix E Insulation Materials
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Figure Appendix E.1: Nodal Model of 1D steady state thermal analysis [80]
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Figure Appendix E.2: Schematic Model of 1D steady state thermal analysis [80]
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Insulation Material Properties ([41])
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Figure Appendix E.3: Thermal conductivity versus mass density of insulation materials
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Appendix F Global Warming Potential

Emission Forecast 2035 by EASA in the European Aviation Environmental Report 2016

Average fuel burn (kg) per
passenger kilometre

€O, (Mt)

NO, (1,000t)

NO, below 3,000 feet (1,000 t)
HC (1,000 1)

HC below 3,000 feet (1,000 1)
CO (1,000t)

CO below 3,000 feet (1,000 t)
volatile PM (1,000 t)

volatile PM below 3,000 feet
(1,000 t)

non-volatile PM (1,000 t)

non-volatile PM below
3,000 feet (1,000 t)

0.0388

144

650

53.3
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143
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2.67

0.15

2014

(% change vs. 2005)

0.0314
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151
(+5%)
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58.8
(+10%)

17.0
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013
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(-46%) (-43%)

207-219
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920 - 1049
(+42%) (+61%)
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11.0
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85.5
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(+66%)

0.41
(+50%)

3.16
(+18%)

0.17
(+11%)

Figure Appendix F.1: Summary of emission indicators based on IMPACT data
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Table Appendix F.1: Global Warming Potentials of Carbon Dioxide, Water Vapor and Nitrogen
Oxides over Altitude [73]

Altitude (km) Eco, FEmo Eno,
0 1 0 -7.1
1 1 0 -7.1
2 1 0 -7.1
3 1 0 43
4 1 0 -1.5
5 1 0 6.5
6 1 0 14.5
7 1 0 37.5
8 1 0 60.5
9 1 0 64.7
10 1 0.24 68.9
11 1 0.34 57.7
12 1 0.43 46.5
13 1 0.53 25.6
14 1 0.62 4.6
15 1 0.72 0.6
4
18 =10 | |
I/ ater vapor
18 F [ NOx .
[ lco2
14 + 7
12 7
% 10 | 7
(U]

8| ]

6L ]

4l ]

2r i

0

kerosene hydrogen

Figure Appendix F.2: Global Warming Potential of kerosene versus hydrogen
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Appendix G Propulsion System

The following figure displays the main components of the VPF, which can be integrated into the
center-body of current turbofan engines. Simultaneous blade pitch variation is executed by the
rotary actuator and the variable pitch assembly consisting of a collector ring with attached pitch

arms. [81]

PN-Root Frow Patn

Fan BLADE
Root

Prrcu ) :
ARM W) ¥ PLATFORM

RoTARY

COLLECTOR
ACTUATOR

RiNG

Figure Appendix G.1: Variable pitch mechanism [81]

Table Appendix G.1: Engine parameters for cruise

Parameter Unit PW4062 GVPTF
H ] 4.6 12
TET K] 1700 1800
OPR -] 31 50
NFan -] 0.9 0.92
TCompressor ] 0.88 0.9
NTurbine ] 0.89 0.9
NThrottle ] 0.96 0.98
SFC [kg/daNh] 0.6549 0.1995
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Appendix H Noise
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Figure Appendix H.1: Cumulative aircraft system noise levels relative to the stage 4 level of HWB
aircraft and technology options studied|82]
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of the HWB [82]
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Figure Appendix H.3: Tone-corrected perceived noise level, PNLT, as a function of flyover angle
(observer at 90 degrees) at approach, sideline and cutback conditions for
Configuration 1 (a, b, and ¢) and 7 (d, e, and f) [82]

Appendix | Control Surfaces

Table Appendix I.1: V-Tail parameters

Parameter Arithmetic middle values Stabilizer data
Tail to wing area ratio 0.066 0.066
Aspect ratio 1.855 1.855
Tapper ratio 0.3723 0.3723
V-tail area [m?] - 86.63

Span of one tail [m] - 8.9

V-tail angle [°] - 80
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Appendix ] Mission Characteristics

Engine Start and Warm up

B747 H211
Parameters Unit Value Value
Height [m] - 0.000
Velocity [m/s] - 0.000
Range [m] - 0.000
Time [s] = 720.000
RFFF [ 0.996 0.996
MFFF [] - 0.999
BFFF H . -
IFFF [] = 0.999
Mass Start ke 415,786.520 289,277.568
Mass End [kg] 414,130.000 289.025.394
Mass Delta [kg] 1,656.520 252.174
Energy Consumption [J] 70,402,100,000.001 30,260,862,322.147

Taxi

B747 H211
Parameters Unit Value Value
Height [m] - 0.000
Velocity [m/s] - 12.861
Range [m] - 5,401.662
Time [s] - 420.000
RFFF N 0.997 0.995
MFFF N ; 0.998
BFFF N ] -
TFFF [-] - 0.998
Mass Start ke 414,130.000 289,025.394
Mass End [kg] 412,770.000 289,025.394
Mass Delta [kg] 1,360.000 0.000
Energy Consumption [J] 57,800,000,000.000 58,347,001,371.647

Take Off

B747 H211
Parameters Unit Value Value
Height [m] - 5.334
Velocity [m/s] - 69.991
Range [m] - 3,322.000
Time [s] - 47.463
RFFF H 0.995 0.995
MFFF -] = 0.998
BFFF -] - -
IFFF N - 0.999
Mass Start ke 412,770.000 289,025.394
Mass End [ke] 410,706.150 288,710.420
Mass Delta [kg] 2,063.850 314.974
Energy Consumption [J] 87,713,624,999.999 37,796,825,841.183
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Climb

B747 H211
Parameters Unit Value Value
Height [m] - 7,466.667
Velocity [m/s] - 175.845
Range [m] - 369,699.883
Time [s] - 2,102.414
RFFF [-] 0.984 -
MFFF [-] - -
BFFF [-] - 0.994
IFFF [-] - 0.996
Mass Start [kg] 410,706.150 288,710.420
Mass End [kg] 404,030.830 287,680.166
Mass Delta [ke] 6,675.320 1,030.254
Energy Consumption [J] 283,701,096,957.821 123,630,463,357.915

Cruise

B747 H211
Parameters Unit Value Value
Height [m] - 11,200.000
Velocity [m/s| - 263.768
Range [m] - 10,760,180.979
Time [s] - 40,794.083
RFFF [-] 0.668 -
MFFF [-] - -
BFFF [-] - 0.904
IFFF [] - 0.941
Mass Start [ke] 404,030.830 287,680.166
Mass End [ke] 269,879.801 270,665.865
Mass Delta [ke] 134,151.029 17,014.301
Energy Consumption  [J] 5,701,418,719,041.550  2,041,716,179,813.940

Descent

B747 H211
Parameters Unit Value Value
Height [m] - 7,907.941
Velocity [m/s] - 167.206
Range [m] - 278,439.138
Time [s] = 1,665.246
RFFF [-] 0.999 0.999
MFFF [] - 1.000
BFFF [] - -
IFFF [] - 1.000
Mass Start [ke] 269,879.801 270,665.865
Mass End [kg] 269,609.922 270,607.062
Mass Delta [ke] 269.880 58.803
Energy Consumption [J] 11,469,891,559.001 7,056,317,816.600

Figure Appendix J.2
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Landing, Taxi & Shutdown

B747 H211

Parameters Unit Value Value

Height [m] - 0.000
Velocity [m/s] - 12.861
Range [m] - 5,401.662
Time [s] - 420.000
RFFF ] 0.999 0.995
MFFF ] ; 0.998
BFFF -] - -
TFFF ] - 0.998
Mass Start [ke] 269,879.801 270,607.062
Mass End [kg] 269,609.922 270,607.062
Mass Delta [ke] 269.880 0.000
Energy Consumption [J] 11,469.891,559.001 54,628,800,688.593

Climb Alternate

B747 H211

Parameters Unit Value Value

Height [m] - 3,733.333
Velocity [m/s] - 184.535
Range [m] - 72,997.233
Time [s] - 395.574
RFFF -] 0.997 -
MFFF H ; -
BFFF ] - 0.999
IFFF [] - 0.999
Mass Start [kg] 269,609.922 270,607.062
Mass End [kg] 268,787.362 270,424.942
Mass Delta [ke] 822.560 182.120
Energy Consumption [J] 34,958,802,959.890 21,854,442,186.069

Cruise Alternate
B747 H211

Parameters Unit Value Value

Height ] - 5.600.000
Velocity [m/s] - 180.243
Range ] - 130,343.905
Time [s] - 723.158
RFFF [-] 0.994 -
MFFF [ - -
BFFF -] - 0.999
IFFF ] ; 0.999
Mass Start [ke] 268,787.362 270,424.942
Mass End [kg] 267,224.263 270,217.686
Mass Delta [kg] 1,563.098 207.256
Energy Consumption  [J] 66,431,679,935.774 120,000,000.000
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Descend to Holding

B747 H211
Parameters Unit Value Value
Height [m] - 3,806.650
Velocity [m/s] - 122.912
Range [m] - 140,756.488
Time [s] - 1,145.180
RFFF ] 0.999 0.999
MFFF H ; 1.000
BFFF H ; -
IFFF H ; 1.000
Mass Start [kg] 267,224.263 270,217.686
Mass End [kg] 266,957.039 270,158.981
Mass Delta [kg] 267.224 58.705
Energy Consumption  [J] 11,357,031,184.546 7,044.633,693.108

Holding

B747 H211
Parameters Unit Value Value
Height [m] - 457.200
Velocity [m/s| - 128.611
Range [m] - 231,499.800
Time [s] - 1,800.000
RFFF H 0.983
MFFF [-] =
BFFF [ - 0.996
IFFF [-] = 0.997
Mass Start [ke] 266,957.039 270,158.981
Mass End [ke] 262,483.300 269,455.483
Mass Delta |kg] 4,473.739 703.498
Energy Consumption  [J] 190,133,905,952.387 84,419,765,466.135

Descend Alternate

B747 H211
Parameters Unit Value Value
Height [m] - 304.800
Velocity [m/s| - 85.889
Range [m] - 26.302.374
Time [s] - 306.235
RFFF B 0.999 1.000
MFFF H ; 0.999
BFFF H . .
IFFF [-] = 1.000
Mass Start [ke] 262.483.300 269,455.483
Mass End [ke] 262,220.817 269,396.943
Mass Delta [ke] 262.483 58.540
Energy Consumption  [J] 11,155,540,247.408 7.024,762,887.040

Figure Appendix J.4
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Landing, Taxi & Shutdown

B747 H211

Parameters Unit Value Value

Height m - 0.000
Velocity m/s - 12.861
Range m - 5,401.662
Time S - 420.000
RFFF - 0.999 0.995
MFFF - - 0.998
BFFF - - -
IFFF\TFFF - - 0.998
Mass Start kg 262,220.817 269,396.943
Mass End kg 261,958.596 269,396.943
Mass Delta kg 262.221 0.000
Energy Consumption J 11,144,384,707.162 -

Figure Appendix J.5
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Appendix K Airport Infrastructure

Figure Appendix K.1: Airport and Fuel Station Concept by Total [83]
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Appendix L CAD
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Figure Appendix L.1: Topview
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Figure Appendix L.2: Sideview
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Figure Appendix L.3: Frontview
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Figure Appendix L.4: Top view cabin layout
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Figure Appendix L.5: Side view cabin

Appendix M Passenger Load
"At least 40% of the passenger load must be female.

At least 35% of the passenger load must be over 50 years of age.

At least 15% of the passenger load must be female and over 50 years of age.

Three life-size dolls, not included as part of the total passenger load, must be carried by
passengers to simulate live infants 2 years old and younger." [52]
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Appendix N DOC
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