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Abstract

Climate change is the biggest challenge society is facing today. The civil aviation sector
contributes a significant portion to the global greenhouse gas emissions. Due to this, it is
vital that the aviation industry seeks to create innovative designs with the eventual goal of
reducing emissions to zero. Hydrogen possesses the potential to become the solution to the
issues the civil aviation industry faces today. As an energy carrier that can be regeneratively
produced from water and green energy, it could replace kerosene as the primary fuel of the
aviation industry with long-term sustainability in mind.

To capture the potential of hydrogen, the student team of the Technische Universitit Dresden
has created a design for a 150 passenger regional aircraft powered by hydrogen, with a range
of 2000 km, called Hydrogen Powered Regional Aircraft—HeRA. This report establishes the
feasibility of HeRA for an entry into service by 2035 while adhering to the guidelines set by
the NASA/DLR Design Challenge 2021.

HeRA uses a set of evolutionary and innovative design proposals which enable more efficient
flight and the utilization of hydrogen in civil aviation. In order to increase efficiency and range
an innovative wing design, the box wing, was chosen. Additionally, HeRA makes use of more
electric flight by providing the energy for its internal components through a combination
of fuel cell and battery. HeRA accomplishes this task while adhering to the principle of
evolutionary design and maintaining interoperability with current airport infrastructure.

Zusammenfassung

Der Klimawandel ist die grofite Herausforderung, der sich die Gesellschaft heute stellen muss.
Der zivile Luftfahrtsektor tréagt einen erheblichen Teil zu den globalen Treibhausgasemissio-
nen bei. Aus diesem Grund ist es wichtig, dass die Luftfahrtindustrie innovative Konzepte
entwickelt, um die Emissionen auf null zu reduzieren. Wasserstoff hat das Potenzial, die
Losung fiir die Probleme der zivilen Luftfahrtindustrie zu werden. Als Energietriger, der
regenerativ aus Wasser und griiner Energie hergestellt werden kann, kénnte er Kerosin als
priméren Treibstoff der Luftfahrtindustrie mit Blick auf die langfristige Nachhaltigkeit erset-
zen.

Um das Potenzial von Wasserstoff zu nutzen, hat das Studententeam der Technischen Uni-
versitit Dresden einen Entwurf fiir ein wasserstoffbetriebenes Regionalflugzeug fiir 150 Pas-
sagiere mit einer Reichweite von 2000 km erstellt, das Hydrogen PowFEred Regional Aircraft-
HeRA. In diesem Bericht wird die Machbarkeit von HeRA fiir eine Indienststellung bis 2035
unter Einhaltung der Richtlinien der NASA /DLR Design Challenge 2021 nachgewiesen.
HeRA verwendet eine Reihe von evolutiondren und innovativen Designvorschlégen, die einen
effizienteren Flug und die Nutzung von Wasserstoff in der zivilen Luftfahrt erméglichen. Um
Effizienz und Reichweite zu erhéhen, wurde ein innovatives Fliigeldesign, der Box Wing,
gewdhlt. Zusétzlich nutzt HeRA den Gedanken des mehr elektrischen Fliegens. Hierbei wird
die elektrische Energie fiir die internen Komponenten durch eine Kombination aus Brennstof-
fzellen und Batterien bereitstellt. HeRA erfillt diese Aufgabe unter Einhaltung des Prinzips
des evolutiondren Designs und unter Beibehaltung der Interoperabilitdt mit der aktuellen
Flughafeninfrastruktur.
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Nomenclature
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Lift coefficient

Drag coefficient

Zero-lift drag coefficient

Trim drag coefficient

Profile drag coefficient

Parasitic drag coefficient
Interference drag coefficient
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Maximum normal force
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Wing surface
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Nomenclature
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1 Introduction

1 Introduction

The European Union introduced the Green Deal in 2020 in order to facilitate the decarboniza-
tion of the European economy. An important area of this drive is the aviation industry which
contributes 2-3% of all human-made carbon emissions. Of the carbon emissions of the avia-
tion industry, 50% is attributed to the low range sector with distances of less than 3000 km.
Therefore a large focus must be put on developing new concepts for this sector to reduce
overall carbon emissions.

Taking this into account, a hydrogen-fueled short-range airplane has great potential in allow-
ing the industry to reach climate neutrality [1].

2 Design Overview

Hydrogen Powered Regional Aircraft - HeRA was developed to meet the future requirements
of clean aviation. With elegant and proven solutions, HeRA will enable the civil aviation
industries to take off into the future. Besides a hydrogen refueling system, HeRA requires no
additional infrastructure and integrates perfectly with existing systems.

HeRA possesses an elegant box wing design allowing it to operate at maximum efficiency
and giving future passengers the opportunity to see revolutionary concepts at work. At the
same time, a traditional dual-engine setup provides familiarity to both passengers and air
carriers. Electrical power will be provided through a combination of fuel cells and batteries
which replaces conventional methods that require high maintenance on conventional aircraft.
Resistant foam tanks are installed for the safe storage of hydrogen, while an intelligent system
of heat exchangers and heating elements replaces the use of complex pumps. In addition,
HeRA spares no expense in making hydrogen-fueled aviation as safe as possible. All systems
have been designed to be redundant providing maximum safety for passengers. The innovative
landing gear system further provides extended safety by protecting from tailstrikes while still
allowing for conventional boarding and deplaning. HeRA is furthermore able to carry 150
passengers in a pure economy configuration.

\/

3.96 m

11.46 m

Figure 1: Orthographic projection



2 Design Overview

Table 1: Plane geometry

Parameter Value
Fuselage
Height 10 m
Length 38.98 m
Wing
Wingspan 34.1m
Area 120 m?
Aspect ratio 9.69
Dihedral (top) 0°
Dihedral (bottom) 9°
Sweep (top) -25°
Sweep (bottom) 25°
Tail unit area 22.6 m?

2.1 Initial Calculation and Sizing

In order to enable initial calculations and to conduct a preliminary study into key design
parameters of HeRA, a reference plane had to be found. For this purpose the Airbus A320neo
was chosen due to its key mission parameters. Its passenger capacity of 150-180 and range of
6000 km are sufficiently similar to the design requirements of 150 passengers and a range of
2000 km. It is also a member of the latest generation of civilian passenger aircraft and as such
is sufficient as a comparison to potential future aircraft in 2035, especially as its performance
with 30% sustainable aviation fuel was evaluated.

Based on the data from the A320neo listed in Table 16 and the design requirements laid out,
an initial study of the fuel mass required was conducted. The study investigated the feasibility
of the different powertrain configurations of electric, hybrid-electric, and combustion, at an
optimal lift-to-drag ratio and their impact on the total mass of potential airplane concepts.
The degree of hybridization of the aircraft is defined as the amount of electric power to the
total amount of power used for thrust.

Electric Power

Dol = Total Power 100%. (1)
At a DoH of 0%, all thrust would be generated by Ho combustion while at a DoH of 100% all
thrust would be generated through electric power, produced by a fuel cell. Each powertrains
characteristics were investigated at a range of 2000 km, based on the Brequet Range equation
[2]. Based on these results a fully electric system utilizing hydrogen fuel cells was discarded
due to the mass required for its powertrain being too large to allow for a competitive design.
Following this, a total of 6 preliminary design concepts were created and investigated based
on their projected advantages and disadvantages. Due to the introduction year of 2035, an
evolutionary design was chosen utilizing a narrow-body dragon configuration while providing
improvements to the aerodynamic properties over conventional designs through the use of
a box wing. Following studies focused on the feasibility of an electric-hybrid powertrain of
different degrees of hybridization. The preliminary design process is displayed in Figure 37.



2 Design Overview

2.2 Propulsion Method

After the initial determination of the configuration was completed, the feasibility of pure
hydrogen combustion and a hybrid solution, consisting of both hydrogen combustion and
electric propulsion through fuels cells were investigated. The results from figure 2 show that
with an increase of hybridization, the total weight is increased while enabling a reduction
of fuel consumption. Therefore an optimal design targets the highest possible degree of
hybridization. However, the thermodynamic feasibility has to be taken into account as well,
when trying to maximize the degree of hybridization. Therefore a thermodynamic model is
introduced.

2.2.1 Hybrid Electric

The target of the investigation was to find the highest DoH. With an efficiency of n = 60% fuel
cells generate large amounts of waste heat [3]. This waste heat can either be dissipated into
the environment or be used to preheat the LHs. The amount of heat that can be dissipated
into the environment is mainly governed by the equation for forced convection.

Q=anx-(Wp—dw)-A (2)
While the amount of heat that can be used for preheating is limited by
Q = ¢y(T) -1in- AT (3)

[4]. The total amount of heat that can be dissipated is the sum of these heat flows. The Area
A for the forced convection was defined for two cases. The ideal case where the plane could
dissipate heat over the whole hull and the best case that assumes that we could dissipate heat
over the whole wing area. During the investigation, it was first examined to only use LHs as
a heat sink for the fuel cell. It became apparent, that while hydrogen has a high specific heat
capacity of ¢, = 9.668giK [5], the amount of heat that can be transferred to the hydrogen is
not sufficient to keep the fuel cell at acceptable temperatures. As such heat dissipation over
the hull or the wings of HeRA was added to the investigation. The results are presented in

figure 3.
80
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Figure 2: Masses over degree of hy- Figure 3: Heat dissipation
bridization

Figure 3 shows the results of the model. The heat dissipation is displayed for the ideal and
best case. The model takes the convective dissipation of heat and the preheating of the LHo



2 Design Overview

into account. The intersection between the heat flow line and the heat flow from the fuel cell
for the best case is the design point. At the design point, DoH=10% is reached. To increase
the DoH, an increase of bleed air, circulation of cooling water, and a refrigerant cycle were
investigated. Further investigations showed air to be insufficient due to high mass flow rates.
Water and a refrigerant cycle initially showed promising results. However, water cooling
was discarded due to the excessive weight of the system while the usage of a refrigerant was
rejected due to its toxicity, flammability, or ecologically harmfulness. The investigation found
that for an EIS 2035 a hybrid electric model is not feasible.

2.2.2 Gas Turbine

Hydrogen Gas turbines utilize the combustion of hydrogen to generate thrust. This propulsion
method is already tried and tested, with kerosene-fueled turbines being commonly used in
civil aviation. Hydrogen turbines have already been successfully tested for an A320 which
was refitted with an APU designed to utilize hydrogen [6]. From the TU-155 it is known that
Hj can be used in the main engine as well [7]. As a result of these aspects and the difficulties
already outlined with alternative propulsion methods, a hydrogen-fueled gas turbine was
chosen for HeRA.

2.3 Landing Gear

Using the box wing design comes with some changes regarding the landing gear. The A320neo,
like most commercial aircraft, uses a tricycle landing gear. This includes one nose wheel
and the main wheels under the wing. The latter have a certain vertical distance to the
longitudinal axis providing lateral stability, with the center of gravity between nose wheel
and main landing gear. However, HeRA’s lower wing is positioned in front of the center
of gravity. The main landing gear still has to be positioned under the wing to achieve the
afore-mentioned lateral stability. Therefore, a single aft gear is introduced, while the nose
wheel becomes obsolete. Since the main landing gear still has to absorb the loads during
touchdown, the aft wheel is designed as a tailwheel-type landing gear, which can extend after
touchdown to bring the aircraft in a horizontal position. As the tailwheel-type landing gear
is positioned directly behind the aft tank, a tailstrike is impossible and the tank is always
protected. After being extended, the aircraft is in the normal horizontal position and can be
boarded in a conventional fashion.

Figure 4: Side view with extended and retracted tailwheel and front perspective
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Figure 4 shows HeRA with and without the aft wheel being extended. There is no mandatory
regulation for ground clearance but the engine inlets are the most critical parts of the aircraft
when it comes to ground contact. Therefore, the positioning and sizing of the engines and
main landing gear were derived from the A320neo.

2.4 Cabin

HeRA can accommodate 150 PAX in a pure economy layout. A 3-3 configuration is used.
An additional option is a two-class cabin layout which may transport a total of 132 PAX. A
schematic of an economy layout can be found in Figures 23 and 5 and a two-class layout in
Figures 22 and 25 in Appendix A.4. Both layouts use 4 toilets and 2 galleys.
Furthermore, HeRA is equipped with 4 Type A fore and aft exits as well as 2 Type III
emergency exits mid-fuselage according to the requirements of the CS-25 [8].

@ : HEEREEEEEEEEEEEEREEEEEEER
HEEEHEEEEEEEEEEEREEEEEEER >

Figure 5: One-class cabin layout (150 PAX) - Green: galley; Yellow: lavatories; Blue behind
cabin: aftward Hy tank

2.5 Loadpaths - Stringers and Frames

HeRA uses a Semi-Monocoque design, meaning the skin is used to accommodate structural
loads. Stringers and frames are used as load-bearing components of the framework. The
stringers are responsible for transferring aerodynamic loads from the skin onto the frames.
Figure 6 and 7 show a schematic visualisation of the structural design of HeRA. As clearly
visible, the forward tanks are located in front of the wingbox. Stringers and frames are
covering the inside of the fuselage. Figure 7 shows the aft LHy tank, located in front of the
vertical stabilizer. The vertical stabilizer, which also connects to the box wing, is strapped
to stringer and frames inside the tail cone, similar to today’s airliners.

To allow a maximized tank volume, the forward tanks are pushed to the side, creating a bulge
on each fuselage side. Thereby a third, middle tank can be installed.

Rear LH2 Tank

Figure 6: Schematic visualisation Figure 7: Schematic visualisation
of front fuselage section of tail fuselage section
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2.6 Mass Breakdown

Table 2: Component mass breakdown - calculated using LTH methods [9]

HeRA [kg] A320neo [kg] A [kg]

Fuselage 9200 8790 410
Wing/box wing 9000 8550 450
VTP 870 540 330
HTP 0 670 -670
Nacelles & pylon 1500 1030 470
Landing gear 3000 2850 150
Cryotank 3800 0 3800
Tank insulation 600 0 600
Tank system 2000 0 2000

Structural Weight 29970 22430 7540
Operational items 5300 6450 -1150
Propulsion group 7200 6920 280
Furnishings 2900 3500 -600
Aircraft systems 4700 5000 -300

Operational Empty Weight 50070 44300 5770
Max. payload 15750 18000 -2250
Max. fuel 2300 21360 -19060

Maximum Zero Fuel Weight 65820 64300 1520

Maximum Take-Off Weight 68120 78000 -9880
Payload for design mission (2000 km) 15750 15750 0
Fuel, including reserve, for design mission 9300 6200 -3900

(2000 km)

Take-Off Weight Design Mission (2000

km, 150 PAX) 67540 64270 3270
Fuel, including reserve, for design mission 830 3000 9170

(600 km)

Take-Off Weight Design Mission (600 66650 61070 5580

km, 150 PAX)

The fact that HeRA’s landing weight will not differ from the take-off weight as much as with
today’s kerosene-fueled aircraft has to be taken into account. Due to the high energy density
of hydrogen, only 1720 kg, including reserve fuel, are needed for the design mission, compared
to 6200 kg of kerosene. This leads to a smaller difference between take-off and landing weight.
As a result, the landing gear is designed to be stronger compared to an A320neo. Only a
portion of the maximum fuel is needed for the design mission, reserve fuel included, which
means with a total storage of 2300 kg, HeRA is able to cover distances up to 2800 km and

thereby exceeds the design requirements.

For the calculation of the reserve fuel the following conditions were taken into account:

e fuel for 30 min flight at 1500 ft at half cruise speed — 212 kg

o fuel for 200 nm at maximum take-off weight at 20000 ft — 237 kg

e 5% of the required fuel mass for the design mission — 85 kg

— Total hydrogen reserve fuel mass: 534 kg
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3 Aerodynamics

To achieve minimal environmental impact, HeRA has to fly as efficiently as possible. An
efficient flight is defined by the optimal usage of the energy which is provided in our design
by the used box wing configuration.

During flight, the lowest possible drag was aimed for. The drag of the plane is calculated

using formula 4 [2].
2

C
CD,tot = C1Dp + 7T7AL€ + CDtr + CDint + C'Dpa (4)

Aside from profile drag the two next highest sources of drag are induced drag and parasitic
drag [2]. Reducing these two was a primary design goal for HeRA. The induced drag forming
at the wing tip as a result of vortex systems is proportional to the square of the lift coefficient
Cp. To reduce induced drag the aspect ratio A and the Oswald efficiency number e are opti-
mized. An overview of HeRA’s aerodynamical values can be found in Table 20 in Appendix

AL6.

3.1 Box Wing

Table 3: Comparison of a conventional wing, C-wing and box wing

Wing design Conventional C-wing  Box wing
Structural integrity regular less stiff  stiffer [10]
Induced drag reduction 0% 20% [11] 30% [12]
Span efficiency e <1 1.45 [12]  1.46 [12]

Amongst the configurations in Table 3, the box wing was found to be the best choice. The
box wing reduces the induced drag for a given span, which makes up about 40% of the
total drag. During take-off and landing, this share increases up to 80-90% [12]. For short-
haul flights, take-off, and landing accounts for large portions of the flight. Due to this, the
induced drag has a significant impact on the operational range. Therefore, the box wing
allows for greater ranges and improves overall performance. For a given wingspan, the box
wing can achieve a high level of efficiency. An ideal box wing, which has half the lift on both
wings of a conventional reference aircraft with the same geometric properties can reduce the
induced drag by up to 30% [12]. Furthermore, box wing configurations create a lower bending
moment than usual cantilever-like wings [13]. In contrast to comparable aircraft, HeRA does
not include tanks inside the wings. Therefore the dimensions are only defined by the aspects
of aerodynamics and structural stability. Using the box wing configuration with its reduced
loads has the potential to further reduce the weight of the wings if all wing parameters are
chosen properly. A detailed list of configuration parameters can be found in Table 17 in
Appendix A.2.

3.2 Aerodynamics and Drag

As seen in formula 4, the two main parameters to reduce the induced drag are the aspect ratio
and the span efficiency. HeRA’s configuration was derived from the Airbus A320neo as the
reference aircraft. For the initial calculations, both the wingspan and the wing area remained
the same, but the reference wing was split into two wings with identical geometry forming
the box wing. This approach is carried out according to [14]. From there an optimization of
the aspect ratio and span efficiency was performed. To compare the span efficiency of the box
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wing and the reference configuration, a numeric approach is used, with % being the height to
span ratio.
Di,box o eT‘efAref o 044 + 09594 . %

Di,ref B eboxAbox - 0.44 + 2.219 - %

(5)

[15] This relation also considers interference effects of both wings. If both wings were calcu-
lated separately or assuming an infinite vertical distance between them, the drag reduction
would be even higher. However, especially downwash effects play a big role and are one of
the disadvantages of this configuration. The height to span ratio % represents the vertical
gap between the fore and aft wing [15]. An optimal height to span ratio of 0.2 was chosen.
The span of the reference aircraft of 34.1 m was not changed. As a result, the height between
the fore and aft wing is 6.82 m which is relatively small. With a fuselage diameter of 4 m, a

comparatively small V-tail is required, which also reduces drag.

Table 4: Aerodynamic values - HeRA and A320neo

Parameter HeRA A320neo
CL,cruise 0.86 0.472
Cpb,o 0.019 0.019
Eopt 21.59 18.26

To compute the zero-lift drag coefficient Cp g, the tool OpenVSP was used. "OpenVSP
is a parametric aircraft geometry tool. OpenVSP allows the user to create a 3D model
of an aircraft defined by common engineering parameters."[16] After creating the model,
the OpenVSP’s implementation of the panel method was used to simulate the aerodynamic
behavior. This method is valid for the subsonic speed and gives sufficient results for the
preliminary design. Based on our configuration, a Cp o was calculated which is very close
to the one of the reference plane. This observation is also supported in [14] since most
geometrical dimensions like the fuselage size, wing area, and wingspan are similar to those of
the A320neo. The typical lift-to-drag ratio of a box wing is about 20 [17]. The L/D ratio of
HeRA and of the A320neo is shown in figure 9. It displays that HeRA possesses an 18 percent
higher L/D ratio than the A320neo. The maximum L/D ratio is reached at an altitude of
11,950 m and has a value of 21.590. This value can be expressed by the equation

1 [mAe
E, = -
Opt 9 CD,O (6)

Based on these values, a possible airfoil thickness was calculated with the goal of achieving
the highest possible profile thickness to chord length ratio % This was done to maximize
the structural integrity. Nevertheless, due to the box wing configuration, the absolute wing
thickness is comparatively small, which brings aerodynamic benefits. However, because of
the structure, the goal is to maximize thickness. A box wing has a higher stiffness so thinner
wings can be used here compared to conventional wings. The airfoil thickness was calculated
according to the methods of D. Schicktanz and D. Scholz [14]. The maximum feasible %
of HeRA is 0.119. It was decided to use an asymmetrical airfoil instead of a symmetrical
airfoil. Additionally, it was considered whether to use a laminar wing for HeRA. The idea
was discarded because of the laminar posture in commercial aircraft and the discontinuities
on the upper side of the wing. These arise, for example, from gaps for rudders and flaps or
from soling of the leading edge [2].
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3.2.1 Lift Behavior

To determine the influence of the angle of attack « on the lift, the empirical formula 7
suggested by [14] was used:

dCr, N 21 A
da "~ 24 JA(1 + tan2ps0 — Ma?) + 4

(7)

To calculate the C', —«a and Cp —« characteristic, the zero-lift angle of the airfoil oq is needed.
Although no particular airfoil was chosen for the aircraft, a comparison of different airfoils
with the above-calculated t/c of 12% suggests that ag ~ —2.5°, which could be provided e.g.
by the NACA 2412 airfoil [18]. Therefore, the lift behavior can be expressed as follows:

dCy,
Cr=—"(a—« 8
L= - o) 8)
3.2.2 Drag Behavior
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Figure 10: C, over angle of attack Figure 11: Cp over angle of attack

With the aspect ratio A and the span efficiency e determined above, the drag polar of the
aircraft can easily be calculated with the known formula:
ct

Cp=Cpo+ —i 9)
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It should be noted that the other drag components listed in equation 4 are neglected because
of their small contribution.

3.3 Wing Geometry
3.3.1 Sweep

Aerodynamically, swept wings are only needed for transonic or supersonic speeds. Therefore,
sweep is not necessary for HeRA. However, swept wings with an angle of 25° and -25° for
the fore and aft wing respectively were chosen to allow a higher vertical distance between
the upper and lower wing (see chapter 3.4). Due to this, the vertical connectors may be
shortened, resulting in lower drag.

3.3.2 Taper

The taper ratio A as the ratio of the chord lengths at tip and root of the wing has different
effects on the aircraft structure and flight behavior. It determines the distribution of the
local lift coefficient. A small A, which results in a greater chord length at the wing root,
reduces the bending moment of the wing and can therefore reduce the weight. However, the
lower chord length may lead to stall at the wing tips even at lower speeds. This can cause
instability of the aircraft. A lower chord length also means a lower Reynolds number at the
wing tip, which may have negative effects on the aerodynamic behavior as well [2]. A taper
ratio of A = 0.25 was chosen, motivated by the comparison of a number of existing aircraft.

3.3.3 Dihedral

Dihedral describes the vertical angle between the wing root and wing tip. It has an effect
on the roll stability of the aircraft [2]. However, it is mainly used for "fine-tuning" the flight
behavior and is not exactly determined at the preliminary design phase. During the design
of HeRA the dihedral was set to provide a proper clearance angle between the wings and the
ground.

3.4 Stability

Achieving longitudinal stability for the box wing is a major challenge, which is the primary
reason for conducting a stability analysis. Figure 12 shows the cross section of the MAC
(c). At the MAC, the moment and the lift of the front and rear wing are displayed. The
assumption was made that both wings are viewed at the same height, thus all horizontal forces
are neglected. The indices 1 and 2 are assigned to the front and the rear wing respectively
[15].

A I A
L1 1 L2
/1 M 6 2 M2
/ \J/ h / / ™
h2 G
cl c2
hl

Figure 12: Sketch of box wing stability analysis [19]
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As explained by D. Schicktanz and D. Scholz [14], the most important points for stability
are that Cr, 1 > Cp,2, a sufficient distance between the fore and aft wing and an adjustment
of wing twist and sweep. To allow a box wing to be stable and controllable, the control limit
must be situated in front of the stability limit. Because of this, the control limit is defined
by the forward limit and controllability requirements. The aft limit, which is also the neutral
point, is defined by the stability requirements [19]. The wings generate a negative pitching
moment, so for a controllable aircraft, the box wing needs a positive pitching moment around
the center of gravity [19]. In the preliminary design phase, many variables are still subject
to change. For example, the exact location of the center of gravity highly depends on the
structural design of the aircraft and the aerodynamic coefficients are characteristic for each
airfoil, which can not be determined at this point. Making detailed and specific calculations
for stability and controllability would pretend an unrealistic certainty. However D. Schiktanz
and D. Scholz [19] [15] prove, that a stable and controllable box wing configuration for an
aircraft of our size is possible and provide a detailed discussion of the necessary considerations.
The most important conclusions are that the front wing has to produce a higher lift than
the aft wing, that the range for positioning of the center of gravity is relatively small and
that a great horizontal distance between both wings is desired. HeRA possesses a V-tail. It
serves to stabilize the rear flight structure, while also providing control surfaces. In order to
make the center of gravity suitable for the entire wing configuration, the shape of the V-tail
was swept forward [17]. The front and rear wing are used for high-lift devices and control
surfaces. The slats are attached to the leading edge of the wing and the flaps and elevator
are attached to the trailing edge of the wing. The aileron is on the rear wing.

3.5 Flight Manoeuvering and Gust Envelope
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Figure 13: Flight manoeuvring and gust envelope

The calculation of the "load factor" - "flight speed" space, short V-n diagram, was designed
on the basis of the EASA Airworthiness Standards. Due to the high take-off mass (> 8618
kg) and the turbine-powered aircraft, the CS-25 [8] was used for HeRA. In addition, the gust
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lines were determined. The maneuver area can be found in the Appendix figure 26. All
calculations were made according to CS 25.333 and the following.

4 Powertrain

4.1 Propulsion

Even though the total efficiencies of conventional aircraft engines 74cs ~ 40% in comparison
to electric technologies like the fuel cell with around 7ges ~ 60% is significantly lower, it was
found that the current and upcoming generations of fuel cells produce too much heat even
during cruise to be viable to drive an electric engine [3]. Preliminary investigations showed
that the only feasible option is more electric flight as proposed in the report by McKinsey
[20]. The detailed energy consumption of the powertrain was taken into account in the section
Mission Analysis.

4.2 Layout

Based on thermodynamic calculations different layouts for the powertrain were investigated.
For these investigations, the substance databases CoolProp [21] and NIST [22] have been
used. To evaluate the thermodynamics a MATLAB script was developed. The script utilizes a
python wrapper for CoolProp. The basic energy balance was performed for each component
using the following equation:

Q=1m-Ahpx(p,T) (10)

The parameters for the enthalpy, pressure, and temperature were derived from the intake
conditions of the fuel cell and the combustion chamber. For the valves, isenthalpic expansion
was assumed. The extracted mass flow needed from the engine was calculated with equation
3. The layout in figure 14 has been found to be the most efficient, needing the least amount
of extracted air.

Figure 14 shows the connection of all components to each other. It does not represent the
position of the components in the plane. The position of components with the aircraft is
shown in Figure 15. The fuel cell and engine are fed by four Hs tanks. The Hs is extracted
by heating elements inside the tank structure. In car manufacturing, this concept has been
proven and has the additional advantage that no pumps are required [23]. After reaching
the system pressure of around 26 bar a pressure valve opens and lets the now supercritical
Hy escape. The Hs moves in insulated pipes first through an electric heater. The 26 bar
is two times the pressure in the combustion chamber, required for safe ignition [24]. The
electric heater heats the Hy to around 70 K. This is a safety mechanism to move the Hy
away from its critical point. Near the critical point strongly fluctuating physical properties
exist, where small changes in temperature cause huge changes in the behavior of the fluid [22].
To avoid damaging components like the heat exchanger due to very high local temperature
increases, an electric system is used which can react fast and reliably, and provide the right
temperatures at the outlet. After the Hs is preheated to around 70 K bleed air is extracted
from the HPC. The bleed air is used to heat the Ho up to 504 K. The mass flow is then
split. The majority of Hs is burnt in the combustion chamber, while the rest moves through
an expansion valve. The Hsy and air are relaxed in such a way that they enter the fuel cell
in the right working conditions [3]. The mass flow extracted in the HPC is bigger than the
actual air needed for the fuel cell. The additional air extracted is used to cool the fuel cell
and provide heat for the air-conditioning of the airplane. The wastewater from the fuel cell

12
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is used for wastewater applications.

Second engine and cooling block

)

Electric systems

M ©

Air conditioning

—
-

p=ibar  p=26bar
T-21K  T=36K

Powerlines
Exhaust gases
Hydrogen piping
Air network
Waste water

p=26bar

p=4dbar
T=285K

p=26bar

T=504K Waste water tank

<

p=13bar —m'e —mcc
T=687.24K

Heat exchanger

| ] Heatablotan
Expansion valve

Compressor

Electric heater Pressure valve

Electric motor

Figure 14: Powertrain

Electrical Engine +
Compressor

Batteries

Eletric current
Airflow
Hydrogen streams

Combustion Engines

Heat Exchanger

Hydrogen Tanks

Figure 15: Position of different system components

4.3 Fuel Cell

To introduce a more ecological-friendly flight, the design was optimized to reduce the number
of components that are powered by combustion processes. Two key technologies were found
First the auxiliary power unit and second the
electric generator in the propulsion system itself. The APU is a small gas turbine, which is

and replaced by a fuel cell and batteries.

used for the engine start. It powers a compressor, which blows air to the engine [2].

APU does not provide any thrust but still consumes up to 1.4 kg/s fuel. It is predicted that
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narrow-body aircraft which utilize this kind of APU will represent 70% of planes by the year
2034 [25]. HeRA'’s design counteracts these developments and allows aircraft companies to
shape a cleaner future. To size the fuel cell, the power consumption for every mission step
was derived using CeRAS [26]. Two cases were investigated. In the first case, the fuel cell was
designed to completely compensate the APU power generation and provide sufficient energy
for the electrical subsystems. During the second case, the fuel cell was designed to only supply
sufficient energy for the subsystems with an additional battery system for peak loads during
take-off. The results of the investigation, shown in Figure 36 in Appendix A.9, showed that
a system that utilizes both a fuel cell and an advanced lithium-ion battery is favorable over
a pure fuel cell design. The fuel cell with an additional lithium-ion battery is significantly
lighter than using only the fuel cell. It is important to note that in the case of a pure fuel
cell design, an additional battery would be needed to compensate for fast fluctuating power
consumption [27]. The fuel cell system incorporates two fuel cells for redundancy.

4.4 Engines

Table 5 shows the advantages (4) and disadvantages (-) of potential engines types fueled by
hydrogen for HeRA. The different aspects are evaluated for a flight with Ma = 0.7 at a cruise
altitude of 9144 m (30000 ft). Turbofan engines were chosen for HeRA as their efficiency
is highest for these flight missions. In addition to this passenger acceptance for this type
of engine is very high and due to its extensive use in modern civil aviation technological
readiness by 2035 is not in question.

Table 5: Comparison of aircraft engines [28]

Technol
. Specific fuel . Mainte-  Passenger CeIoTosy
Type Noise . Price readiness
consumption nance acceptance

2035
Turbojet --- - ++ + - +
Turbofan + ++ - - R 4+
Turboprop - - + - - - - 4
Propfan - - +4+ - - - R

The chosen turbofan engines were configured based on the required thrust for take-off and
landing as well as the resulting take-off and landing field length. These field lengths were
calculated according to the CS-25 [8] and are displayed in Table 13.

With a total thrust of 33.77 kN during cruise flight at 9144 m altitude, the turbofan engines
have an efficiency of 43% [29].

4.5 Component Efficiencies and Masses

Table 6 shows the efficiencies and Table 7 the masses of each component of the powertrain.
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Table 6: Efficiencies of powertrain com- Table 7: Masses of powertrain compo-

ponents nents

Component Efficiency [%)] Component Mass [kg]

Fuel cell 60 [3] Fuel cells 250

Engine 43 [29] Engines 3000

Electric engine 95 [30] Electric engine 100

Compression efficiency 80 [28] Batteries 350

Battery 95 [31] Pipes (with insulation) 200
Cryotank 3800
Tank insulation 600

5 Hydrogen

5.1 Hydrogen Characteristics

Hydrogen is a new type of energy carrier, allowing for the efficient storage and utilization of
energy [1]. Table 8 compares different energy carriers for aviation. Hydrogen’s advantageous
high gravimetric energy density [32] and disadvantageous low density can be seen there.

Table 8: Comparison of possible fuel options [32]

Properties LH, GHs (700 bar) Kerosene
Gravimetric energy density 33000 Wh/kg 33000 Wh/kg 11900 Wh/kg
Density 70.8 kg/m3 (20 K) 40 kg/m? (273 K) 800 kg/m?
Volumetric energy density 2700 Wh/l 1320 Wh/l 9500 Wh/l

High-temperature combustion of hydrogen results in no CO4 emissions and the NO,, emissions
are small compared to other energy carriers [33]. During fuel cell usage only water is produced
[32].

5.2 Hydrogen Storage

Initially, three different methods of hydrogen storage were assessed. Those are the storage in
gaseous or liquid state, as well as the storage in a solid state, especially as metal hydrides.

5.2.1 Pressurized Hydrogen

Usually, hydrogen pressure tanks operate at 700 bar and room temperature. The use of
a pressure tank is always a trade-off between high pressure to achieve a greater gravimet-
ric energy density and an increasing tank weight that is needed to withstand the resulting
structural loads. There is a variety of materials suitable for building a pressure tank, the
most promising being carbon composites. Most of the tank materials require additional liner
material to prevent the diffusion of hydrogen through the tank walls [34].

5.2.2 Solid State Storage

Another option is storage in a solid state, or more specifically, as metal hydrides. Hydrogen
is capable of forming metal hydride compounds with several metals or metallic alloys. The
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metal absorbs the hydrogen molecules which are then arranged inside the metal lattice. This
is an exothermic reaction, thus heat is needed to release the hydrogen. Waste heat from the
propulsion systems can be used for this purpose. Different metals change the optimal oper-
ating pressure and temperature as well as the density of the hydrogen stored [35]. Generally
speaking, metal hydride hydrogen storage allows for much higher density compared to other
means of storage. However, the ratio of hydrogen mass per tank structure mass is very low
which is a big disadvantage for avionic use [34].

Other storage possibilities like carbon nanotubes and glass microspheres [34] were not con-
sidered further, since research and development is in the early stages and EIS in 2035 seems
unlikely for these technologies.

5.2.3 Liquefied Hydrogen

Liquefied hydrogen (LHs2) does not require high pressure tanks, but rather has to be stored
at a temperature below 21 K and at 1 bar in cryogenic tanks. These tanks and also all
cryogenic pipes and valves must be highly insulated to minimize boil-off. LHs has a higher
density compared to pressurized hydrogen which results in lower tank volumes but handling
can be difficult [34].

5.2.4 Comparison and Conclusion

Table 9 compares all three storage types. The gravimetric energy density considers the weight
of both the storage system and the hydrogen. Furthermore, it has to be taken into account,
that because of the low density of hydrogen, the tank volume compared to kerosene is about
4 times higher for LHs and about 7 times higher for GHo.

Metal hydrides, although having the highest density and therefore taking up the least space,
have a far higher mass per energy unit and are therefore not suitable for aviation. The cryo-
genic tank storing liquid hydrogen outperforms the pressure tank both in terms of mass per
energy unit and tank volume. A bigger tank requires a bigger aircraft structure, which will
increase both weight and drag. Cryogenic tanks are a well-developed technology, with liquid
hydrogen being used as rocket fuel for many years, where big, light, and reliable tanks are
as crucial as they are for airplanes. The necessary insulation will be discussed in the next
section. Also, the liquefying process requires a lot of energy [29] which needs to be taken
into account when it comes to an emission comparison between LHo-powered aircraft and
commonly used powertrains.

Table 9: Comparison of hydrogen storage types

Storage Characteristics Hs density Hs mass per Gravimetric
type structure energy
mass density
Pressure 700 bar, 298 K [34] 39 kg/m?> [35] 14.6% [36] 15.38
tank MJ/kg
Cryogenic 1 bar, 13 K [34] 70 kg/m? [36] [34] 30-68% [37]  27.78-47.62
tank MJ/kg
Metal 2-8 bar, 298-573 K [35] 150 kg/m? [35] 0.36-0.68% 0.43-0.81
hydrides [34] MJ/kg
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5.3 Insulation Methods

Three types of insulation were discussed: Vacuum insulation, multi-layer vacuum insulation
(MLVI), and foam insulation (polyurethane foam). Other insulation methods such as perlite
insulation or mineral wool insulation were not discussed as they have much higher densities
[37] or do not fit the following requirements. As requirements were set: a low price, good
insulation, low mass, easy installing, safety regards, and a high technology readiness level.

Table 10: Characteristics of insulation methods [37] [38]

Insulation Density Thermal conductivity External loads
method [kg/m3]  [mW/m * K] tolerable?
Vacuum 50-60 0.004 No
Polyurethane foam 35 19 Yes

MLVI 50-60 0.05 - 0.02 No

In the Table above, it can be seen that vacuum- and multi-layer insulation are not suitable
if they have to tolerate external loads and are nearly twice as heavy as foam insulation. But
they provide a much lower thermal conductivity. To choose the right insulation it is also
necessary to make sure that the insulation fits all requirements. Table 11 shows the positive
and negative aspects of each insulation.

Table 11: Advantages and disadvantages of different insulation methods [37] [38]

Advantages of vacuum Disadvantages of vacuum
-lowest thermal conductivity -high mass
-high TRL -vacuum pumps necessary

-if vacuum is lost,
the insulation becomes nearly useless
-vulnerable to external loads

Advantages of MLVI Disadvantages of MLVI
-low thermal conductivity -very expensive
-high TRL -extremely accurate manufacturing necessary

-if vacuum is lost,

the insulation becomes nearly useless
-vacuum pumps necessary

-high mass

-vulnerable to external loads

Advantages of foam Disadvantages of foam

-very lightweight -least thermal conductivity, but still good
-easy to install (spray foam) enough if the thickness is great enough
-highest TRL

-very cheap

-highest safety margin

A 15 em thick polyurethane foam insulation was chosen, because of its safety margin, easy
handling and installation, the low density, the high TRL, and its low costs. A thickness
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between 10-20 ¢m should be considered, with 15 ¢m being the sweet spot between weight
and insulation properties [37].

As safety is one the most important and most vulnerable key aspects in the aircraft industry,
a safe tank design is indispensable and with foam insulation being the only safe insulation
method so far, the answer, which method to choose, was made easy. Similar reports came to
the same conclusion and even Boeing’s Phantom Eye (LHa-powered unmanned aircraft) uses
several foam insulated tanks [38].

5.4 Total Energy Consumption

Table 12 shows all efficiencies, from production to consumption of liquid hydrogen as fuel in
HeRA. This calculation assumes energy is only used for thrust to fulfill the flight mission.
Smaller subsystems and their efficiencies were not taken into account. Additionally the energy
actually required to provide 1 joule of energy in the aircraft for the flight mission is listed.
The total efficiency of 84% for liquefaction, transportation, and storage depends heavily on
multiple factors, such as ambient temperature, transportation routes, means of transport,
size of the airport as well as how well the hydrogen infrastructure is developed in general.
Also, the loss during the refueling process is a factor that has to be considered in future
developments.

Electrolysis was chosen as a production method due to its potential of creating green hydrogen
when renewable energy is used. A recent study concluded that, by 2030, the price of green
hydrogen could match the one of the currently mostly used grey and blue hydrogen in an
area like Australia with access to huge quantities of renewable energies [39].

Table 12: Efficiencies of LHy fuel
Efficiency [%] [29] Additional Energy [J]

Energy needed in flight 1.00
Hydrogen combustion 43 1.33
Liquefaction, transport and storage 84 0.44
Electrolysis of water 80 0.69
Total efficiency 28.90

Total energy per joule 3.46

This sums up to a total efficiency of 28.90% and 3.46 joule needed for 1 joule of energy used in
flight. Additional energy, which is not directly used for the flight mission, such as for ground
support or electricity and air in the cabin, is not included.

5.5 Hydrogen Safety

To allow general acceptance of HeRA it must be shown that the hydrogen can be safely
handled. For this purpose safety concerns primarily during and right before and after flight
will be considered here. The primary aim of the safety efforts should be to prevent any
leakage of hydrogen as well as to prevent ignition if hydrogen does leak [40].

To prevent hydrogen leakage, regular inspections need to be performed on the tanks and
pipes filled with hydrogen. To combat leakage during a flight, monitoring systems need to be
installed within the cabin to identify leakage quickly. To avoid the chance of inhalation by
passengers or accidental ignition, proper ventilation needs to be installed. The leaking tank
must be vented to avoid further GHy from entering the cabin [40].

The characteristics of hydrogen make it behave very differently than kerosene. Hydrogen
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has a high ignition temperature and will not be ignited by a lighted cigarette. However, its
properties also mean that it will ignite with only a tenth of the energy of other fuels. A
small spark is sufficient to ignite hydrocarbon fuels in the air [40]. As such it is vital that
electrical components are properly isolated and lines are inerted before and after venting of
potentially leaked hydrogen. While the thermal energy radiated by hydrogen flames to the
environment is lower than kerosene, the flame itself is invisible to the naked eye. Because of
this factor flight and maintenance staff needs to be properly trained. UV and IR detection
methods must be provided.

As LH, requires very low temperatures to be able to be stored high care needs to be taken
to ensure that the tank materials and valves can withstand the low temperatures. Also, any
traces of air or moisture within the liquid hydrogen storage may lead to freezing and clogging
[40]. Due to this factor anti- or de-icing methods need to be applied to valves to ensure
operability.

5.6 Tank Design

The tanks are covered with a 15 ¢m thick foam insulation. HeRA has four tanks, all within
the fuselage. Three tanks are located in front of the wing, below the passenger deck, inside
today’s storage compartment. One, wider, tank is located behind the passenger cabin.

All front tanks have an outer diameter of 1.15 m (including wall and foam). Two tanks are 8
m long, in between them there is another 4 m tank. Also, a fuel cell is located between the
two longer tanks, in front of the 4 m tank. These 3 tanks, store 10 m? of LHs.

Behind the passenger cabin, a 3.5 m wide and 3 m long tank is located, which stores 23.4 m?
of LHg.

5.7 Hydrogen Infrastructure
5.7.1 Airport Supply

Supplying airports with hydrogen is a logistical challenge, since hydrogen production facilities
are only profitable if they are operated on a large scale, and thus there are often large
distances between airports and existing production facilities. As such onsite production and
liquefaction of hydrogen is the best option for large airports. For smaller airports as well as
at the beginning of the transitioning phase to hydrogen as a fuel, trailer trucks are the most
flexible option. Ships, railway, or a pipeline system are also valid options [41].

Transporting cryogenic hydrogen is difficult, as strong insulation is required to reduce boil-off
losses. Thus it makes the vehicles needed for transportation and especially pipelines for LHo
very expensive. However, liquid hydrogen has the advantage over gaseous hydrogen that its
density is much higher and therefore a lower volume needs to be transported. It is also possible
to supply an airport with gaseous Hs and liquefy it onsite. This is particularly suitable if the
airport site has access to cheap and sustainable energy in large quantities. Otherwise, the
LHy is directly liquefied at the hydrogen production facility and then transported to a main
cryogenic storage tank at the airport.

5.7.2 Refueling

There are currently two primary ways of refueling aircraft at airports. Both can, in principle,
also be used for refueling with liquid hydrogen, although completely new technologies are
required.

It is possible to use underground refueling hydrant pipelines at the airport, which distribute
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the liquid hydrogen from a main tank or liquefaction facility directly to the gates where the
aircraft are refueled. However, as this option is very expensive, it is only suitable for large
airports with a large number of hydrogen aircraft in service. With the prospect of introducing
the first hydrogen aircraft in 2035, this will not yet be a given. In the long-term, however,
direct distribution of the fuel to the gates is desirable, as it eliminates the need for additional
ground transportation.

Aircraft can also be refueled with special refueling trucks that can safely transport the cryo-
genic fuel from a main tank or liquefaction facility to the aircraft without major losses. Due to
the density and energy density of liquid hydrogen, twice as many refueling trucks are needed
to refuel an aircraft than for conventional fuels. This can put a lot of strain on existing ground
infrastructure, especially at large airports which have to service large amounts of planes. At
small airports, this is less of an issue. Refueling trucks for LHy require completely different
designs than conventional refueling trucks, as they must be heavily insulated. Therefore,
great investment in this technology, as well as the associated safety concepts will be required
for large-scale future use.

Refueling an aircraft with LHy is possible with a volume flow of around 900 [/min, just as
with conventional jet fuel. However, due to the different densities, a larger volume must
be refueled. To compensate for this and to speed up the refueling process, it is therefore
imperative to refuel via several hoses at the same time. If that is not possible, turn-over time
will be longer compared to conventionally powered aircraft [1]. Before the actual refueling
process, it is also necessary to remove all air out of the fuel system by flooding the pipes and
tanks with an inert gas [42].

Hoses used for refueling LHy have a much larger diameter and weight because of the thick
insulation and higher pressure. This makes them more difficult to handle and accordingly
may require mechanized arms to use. This may be integrated directly in a refueling truck
[40]. Besides fueling, it is also important to be able to safely drain the hydrogen tanks of
HeRA.

During fueling the primary danger comes from component failures such as valves, pipes, and
sealings. As such special attention needs to be taken towards proper maintenance. The
pressure and temperature of the LHs need to be controlled during the refueling process to
prevent back-flow and minimize boil-off. Large efforts will need to be expended to ensure
no ignition is possible in the case of a leakage. Although hydrogen dissipates quickly in the
air. Still, ground staff needs to be retrained to safely handle the new fuel. IR or UV sensors
can be used to identify hydrogen fires early on [40]. Due to these unique challenges in hy-
drogen refueling, ground support costs for HeRA will be 3 to 5 times more expensive than
comparable conventional aircraft [43].

6 Mission Analysis

In order to ascertain the economic feasibility of HeRA while providing the least ecological
impact, a mission analysis is required. Based on these requirements two mission profiles will
be examined. A mission at a range of 600 km with a focus on the least ecological impact and
a mission at a range of 2000 km with the least ecological impact and an economic analysis.
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Figure 16: Payload range diagram of HeRA and A320neo

6.1 Calculation Approach

A 2-dimensional flight model (height and distance) was used to calculate time, energy con-
sumption, and emissions for each segment of the flight. The behavior of an aircraft is char-
acterized several interdependent variables, therefore it is not possible to describe the whole
flight in a few analytical formulas. For example, during the ascend, the aircraft’s Mach num-
ber, height, air pressure, sonic speed, temperature, thrust, and weight are all values that
influence each other. The approach was to iteratively calculate these variables in a finite
number of steps. The input variables, e.g. pressure, thrust, and aircraft mass are calculated
at the beginning of each step and then held constant until the next iteration so that the
aircraft behavior could be described with linear equations of motion in between each step.
By setting the step size small enough, one can approximate the true aircraft dynamics to
the needed accuracy. However, for the general mission analysis, a relatively small number
of steps already gives sufficiently accurate results. This computation was implemented in
MATLAB, using the ISA standard atmosphere as the model for atmospheric data. The model
only considers the horizontal and vertical motion of the aircraft and does not take wind into
account.

The flight is divided into a number of segments, each characterized by a start height, an end
height, and a variable describing the velocity, either the true airspeed (TAS), the calibrated
airspeed (CAS), or the Mach number. Take-off and landing were calculated separately, so
the flight starts and ends at a height of 1,500 ft. The segments are calculated according to
the script of the lecture "Conceptual Aircraft Design" at Dresden University of Technology
[44]. Each section and the calculation approach are explained in detail in Appendix A.8. The
values calculated with the MATLAB simulation resemble the fuel masses calculated with the
Breguet range equation and actual flight durations, which validates the method. However,
with the iterative approach, the necessary fuel and time for each segment as well as the h(t),
v(t), and h(s) profile can be easily calculated and plotted.

6.2 Key Mission Parameters

Table 13 shows the calculated key mission parameters for HeRA with the A320neo as a
reference. The calculations were made for the longer 2000 km mission.

With a thrust of 130 kN per Engine, HeRA has a significantly shorter take-off field length
than the A320neo. The landing field length is bigger than the one of the A320neo, because
less fuel mass is carried and used during the flight mission, which results in a bigger landing
mass.
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Table 13: Key mission parameters

Mission parameter HeRA A320neo
Take-off field length [m)] 1739 1943
Landing field length [m)] 1535 1443
Climb rate [] 31.9 32.7
Cruise speed [Mach] 0.7 0.82
Cruise altitude [m)] 9,144 11,900
L/D (cruise) 19.7 16.9

6.3 Emissions

During hydrogen combustion, the primary emissions are water and NO,.
NO, is created through the reaction of atmospheric nitrogen and oxygen in high tempera-
tures in the combustion chambers of the aircraft. For a hydrogen-fueled aircraft the emission

index for NO; is 3.08 to 14.0 kg;é\]é?f;) [45]. This is a decrease of over 60-90% in comparison

to kerosene-fueled aircraft. However, there are techniques such as the low NO, Micro-Mix

hydrogen combustion principle which could further reduce NO, emissions in the future [46].
In following calculations a conservative value of 14.0 g;]\i%?) is used.
The emission of water is generally unproblematic for personal health but still poses environ-

mental challenges. The emission index of water is 9 ig ((2128)) which is an increase of about

250% over kerosene planes. Due to the higher water vapor emission, the forming of contrails
increases by about 1.56 on average with as much a 2 times in the tropics [45].

: : co kg(H20 NO
In comparison, kerosene emits 3.1 %[ZNL 1.26 m and 12.6 m [45].

To accommodate for the usage of 30% sustainable aircraft fuel a best-case scenario of algae-
based fuel was assumed. This reduces the C'Os emissions for the respective mass of fuel by
124% as algae absorb large amounts of COy during their lifetime, allowing their total COs
emissions to be below zero [48].

6.4 Flight Missions

Two flight missions were analyzed. A mission with a range of 600 km and a mission with a
range of 2000 km. The data for each mission can be found in Table 14 and 15.

Table 14: Parameters of 600 km mission

Emissions
Segment Time [min] LHs mass [to]  Energy [MWh] HyO [to] NO, [kg]
Ascend 4.52 0.196 6.47 1.76 2.74
Cruise 27.60 0.213 7.03 1.91 2.98
Descend 19.00 0.056 1.85 0.5 0.78
Total 51.12 0.465 15.35 4.18 6.51
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Figure 17: Flight profile of the 600 km mission

The reference plane A320neo needs 1.675 to of kerosene for the same mission which equals
19.93 MW h of energy. This equals a total emission of 3.31 to of COs, 2.1 to of HyO, and
21.1 kg of NOs. The emission of NOy can be drastically reduced by using different air-fuel
ratios. At a ratio of 1.5 the NOs emissions are the highest and can be reduced by using
higher or lower ratios [49].

Table 15: Parameters of 2000 km mission

Emmissions
Segment Time [min] LHs mass [to]  Energy [MWh] HO [to] NO, [kg]
Ascend 4.52 0.196 6.47 1.76 2.74
Cruise 137.36 1.052 34.72 9.46 14.73
Descend 19.18 0.057 1.88 0.51 0.8
Total 161.06 1.305 43.07 11.73 18.277
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Figure 18: Flight profile of the 2000 km mission

The mission with the range of 2000 km approaches the maximum operable range of HeRA as
the remaining fuel is reserved as reserve fuel for emergencies. The reference plane A320neo
needs 4.689 to of kerosene for the same mission which equals 55.80 MW h of energy. This
equals a total emission of 9.27 to of C'Os, 5.9 to of HyO, and 59.08 kg of NOy. For both
missions the total energy consumption of HeRA is lower then for the reference plane.

6.5 Economic Analysis

The analysis of the direct operating cost has been conducted through the methods of J.
Thorbeck from the TU Berlin [50]. The Parameters were used according to Table 18 within
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Appendix A.3. Most parameters were set according to the recommendations made within the
calculation method with a few notable exceptions. The Block Time Supplement per flight
has been estimated to be 1 h and 13.5 min in section 6.6. This value is increased to 1.5 h as
a conservative estimation of unforeseeable events and delays. The price of hydrogen is set to
decrease to 2-3 USD per kg under average conditions [51]. Using the conservative estimation
and utilizing a conversion ratio of 0.83 € per 1 USD the price of fuel was set at 2.5 € per kg.
In addition, the price of the plane based on the OEW has been multiplied by a factor of 1.5
to 100 million € in order to be more comparable to the listed price of the reference plane of
83 million € [52]. Based on these parameters an average utilization of 1092 flights per year
has been calculated resulting in an average of 3.65 departures per day which is less than the
average utilization of narrow-body aircraft in 2019 of 4.33 departures per day [53]. The final
Direct Operating Cost per year is 24,258,633.54 € resulting in an operating cost of 4035.57
€ per blockhour. Figure 19 shows that most air carriers operating the A320neo have similar
reported direct operating costs as those projected for HeRA. In addition, an approximation
of the economic viability of the recycling of HeRA has been conducted using primarily statis-
tical data of existing narrow-body airframes. Aircraft disposal costs are around 10% of the
purchase price leading to an estimated disposal and recycling cost of 10,939,090 € [54]. The
average salvage value of a narrow-body aircraft with two engines is 6,900,000 € [54]. As the
projected value of the salvage is lower than the projected cost induced by recycling it is not
economically viable to recycle HeRA.
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Figure 19: Comparison of various aircarriers operating the A320neo with HeRA [55]

6.6 Ground Operations

The ground operation of HeRA hardly differs from a conventional aircraft. The official
Aircraft Characteristics A320neo [56] from Airbus is used for the analysis. The stand safety
line delimits the aircraft safety area. For the A320neo, a value of 7.5 m is used as the distance
to the aircraft. This also applies for HeRA. Vehicles are only allowed to enter this area when
the aircraft has come to a standstill and the wheel chocks are in position on the landing gears.
150 PAX enter HeRA through door 1L. A PBB can be used for door 1L. A rate of 20 PAX/min
per door is assumed for deplaning. For boarding, the rate is 12 PAX/min per door. A time of
2 min is assumed for head-counting and last PAX seating allowance. For passenger handling,
a time of 3.5 min is required for equipment positioning and removal, and opening and closing
door [56]. Both galleys are located at door 1R which is served by a catering truck. A time
of 2 min is required for opening doors and positioning equipment and a time of 1.5 min for
closing the doors and equipment removal. A time of 1.2 min per trolley is required for trolley

24



7 Conclusion

exchange. An amount of 11 trolleys supplying the galley is assumed. Aircraft cleaning will
be performed during free time while other operations take place.
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Figure 20: Ground handling compared to ~ Figure 21: Ground handling compared to
A320neo (yellow) with PBB [56] A320neo (yellow) [56]

HeRA does not carry any cargo containers, as such any vehicles serving the purpose of load-
ing containers will not be needed. However, cargo space is still needed for the luggage of the
passengers. A total of 3300 kg of baggage can be carried. For bulk loading a time of 120
kg/min for loading and 150 kg/min for unloading is estimated. The total loading time for
bulk storage as such is 27.5 min and for unloading 22 min.

Assuming a volume flow of 900 //min the largest tank of 23,000 ! will take about 26 min to
refuel. If parallel refueling of all tanks is used, refueling will take about 26 min. If all tanks
are refueled after each other, refueling will take about 45.5 min which includes a time of 2.5
min for switching equipment between each tank.

A detailed breakdown of ground support times can be found in Table 19 in the appendix.
Based on this a turnover time between 54 min and 1 h 13.5 min is expected. These values
are calculated under the assumption that refueling will only start once all passengers have
evacuated the aircraft and other ground operations like restocking of the galleys and loading
and unloading of bulk storage will be carried out in parallel to refueling.

7 Conclusion

HeRA manages to comply with the key design parameters of being able to carry 150 passen-
gers over a range of 2000 km. In addition, she demonstrates that a cryoplane utilizing L Hs
is feasible by 2035. HeRA makes use of innovative technologies which enable the possibility
of more electric flight while also providing low emissions during its primary missions. Fur-
thermore, she is able to fulfill these purposes while using conventional airport infrastructure,
therefore requiring only minimal investment on part of the airports.

HeRA, with its evolutionary approach, provides familiar design features and visual compo-
nents, such as a 2-engine turbofan configuration. This allows aircarriers to adopt the aircraft
without worries, build confidence with the general populace through familiarity, while also
integrating innovative design approaches to increase range and efficiency.
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A.1 Reference Plane

Table 16: Initial values of the reference plane

Properties A320neo
Length 37.57Tm
Wingspan 34.1m
Wing area 122.6 m?
Accommodations 150 PAX
Oswald efficiency number  0.76
Zero-lift drag coefficient 0.019
Specific fuel consumption  0.565 (b/1bf
Initial cruise altitude 36,000 ft
Normal operating speed 0.7 Ma

A.2 Aerodynamics

Table 17: Aerodynamic parameters of HeRA and A320neo

Parameter HeRA  A320neo
A 9.69 9.48

b 341m 341m
S 120 m?  122.6 m?
10) 25° 25°

h/b 0.2 —
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A.3 Mission Analysis

Table 18: Parameters used for the direct operating cost analysis

Parameter Value
Plane price per kg of OEW 1150 €
Plane price per kg of engine mass 2500 €
Residual value factor 10%
Depreciation period 14 years
Insurance rate 0.5%
Interest rate 5%
Average yearly salary of flight attendants 60,000 €
Average yearly salary of cockpit crew (2 pilots) 300,000 €
Crew complement 5

Fuel price 3 €/kg [39]
Landing fees per MTOW 0.01 €/kg
Handling fees per MTOW 0.1 €/kg
ATC price factor 1.0

Cost burden 2

Labor rate 50 €/h
Yearly operation time 6012 h
Flight time 3h

Block time supplement per flight 2.5h

Table 19: Ground support times for HeRA

Passengers
opening doors + equipment positioning 2 min
deplaning 7.5 min
boarding 12 min
closing door + equipment removal 1.5 min
Cargo
Bulk loading 27.5 min
Bulk unloading 22 min
Refueling
Equipment positioning 2.5 min
Fuel transfer 26 min - 38 min
Equipment changes between tanks 3 * 2.5 min
Equipment removal 2.5 min
Catering
Equipment positioning + opening doors 2 min
Loading 13.2 min
Closing doors and equipment removal 1.5 min

Total 54 min - 1 h 13.5 min
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A.4 Cabin Configuration

JL

Figure 22: Cross section of cargo

compartment with optional compartment with economy
business class class

Figure 23: Cross section of cargo
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Figure 24: One-class cabin layout (150 PAX)
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Figure 25: Optional two-class cabin layout (12 FC/ 120 EC seats)
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A.5 V-n Diagram
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Figure 26: V-n diagram with maneuver boundaries
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A.6 Plane Parameters

Table 20: HeRA parameters

Parameter Value
Mass
Fuselage 9200 kg
Wing/box wing 9000 kg
VTP 870 kg
Nacelles & pylon 1500 kg
Landing gear 3000 kg
Cryotank 3800 kg
Tank insulation 600 kg
Tank system 2000 kg
Structural Weight 29970 kg
Operational items 5300 kg
Propulsion group 7200 kg
Furnishings 2900 kg
Aircraft systems 4700 kg
Operational Empty Weight 50070 kg
Max. payload 15750 kg
Max. fuel 2300 kg
Maximum Take-Off Weight 68120 kg
Payload for design mission (2000 km) 15750 kg
Fuel, including reserve, for design mission (2000 km) 2300 kg
Take-Off Weight Design Mission (2000 km, 150 PAX) 67540 kg
Fuel, including reserve, for design mission (600 km) 830 kg
Take-Off Weight Design Mission (600 km, 150 PAX) 66650 kg
Size
Cabin
Width 3.76 m
Length 25.04m
Fuselage
Width 3.96 m
Height 10 m
Length 38.98 m
Wing
Wingspan 34.1m
Depth root 2.81m
Depth tip 0.7m
Area 120 m?
Aspect ratio 9.69
Dihedral (top) 0°
Dihedral (bottom) 9°
Sweep (top) -25°
Sweep (bottom) 25°
Taper 0.25
Tail
Root length 5.11 m

Tip length 2.26 m
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Table 20: HeRA parameters

Parameter Value
Height 3.07m
Width 0.36 m
Area 22.6 m?

Aerodynamics
ecruise (Oswald factor) 1.1637
ECTuise 19.69
CL,cruise 0.86
Cpo 0.019
Eopt 21.59
¥ 0.2
% 0.119
g -2.5°

Engines
Amount 2
Fo 130 kN

Cabin Layout
Seating configuration 3-3
Economy seats 150
Economy rows 25
Aisle width 0.5m
Seat pitch 0.81m
Economy toilets 4
Economy galleys 2

39m

Figure 27: Measures of HeRA (top-down)
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Figure 28: Measures of HeRA (front)

Figure 29: Measures of HeRA (side)
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Figure 30: System layout of HeRA

A.7 Stringers and Frames

Figure 31: Schematic visualisation of front fuselage section
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Figure 32: Schematic visualisation of aft fuselage section

Figure 33: Schematic visualisation of tail fuselage section
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Figure 34: Payload range diagram of A320neo
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Figure 35: Payload range diagram of HeRA
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A.8 Mission Analysis Approach
The segments of the flight are defined as follows:

e ascend from 1,500 ft to 10,000 ft with a constant CAS of 250 kt
o at 10,000 ft acceleration to Voyims (TAS)

o ascend from 10,000 ft with a constant CAS of Viims(TAS) until the crossover altitude
is reached where the Mach number equals the cruise Mach number Mac;

« ascend from crossover altitude with Mac, until the initial cruise altitude (ICA) is
reached

e cruise with Mac,, with a small increase in height due to decreasing aircraft weight

e descend with Mac, until the crossover altitude is reached where the CAS equals the
desired CAS for descent (e.g. 270 kt)

e descend from crossover altitude with constant CAS until a height of 10,000 ft is reached
« at 10,000 ft deceleration to 250 kt (CAS)
e decrease from 10,000 ft with a constant CAS until a height of 1,500 ft is reached

Below, the method used is exemplary explained for the cruise segment. For the ascend
and descend segments, the calculations are more complicated since the instationary vertical
motion has to be taken into account, while there are simple horizontal and vertical force
equilibria in the cruise segment. At the beginning, a step with As is defined. Afterward, a
loop is executed. At the beginning of each iteration, the air density p(h) and the sonic speed
a(h) are computed using the standard atmosphere. Then, the aircraft"s TAS

Vras = Macruisea(h) (11)

is calculated. Afterward, the increased height due to the decreasing aircraft mass h is deter-
mined by evaluating the vertical force equilibrium:

Crp(h)ViasS = 2mg (12)

m being the current aircraft mass. In the cruise segment, the thrust equals the drag so the
aircraft is neither accelerated nor decelerated. Therefore,

1
F = §CD,0(h)VTASS (13)

Now, the time needed for the step can be expressed as

As
At = 14
Vras (1)
and the mass reduction can be expressed as
Am = —bpFAt (15)

bs being the specific fuel consumption. With the new mass, the next iteration is computed.
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A.9 Powertrain

4,500 |
4,000 |
3,500 |
3,000 |
2,500 |
2,000 |
1,500 |
1,000 |

500 |

Masses [k¢]

0
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