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Abstract

(EN) The NASA/DLR Design challenge poses students with the task to develop an efficient 150-seater aircraft
using alternative fuel, hydrogen. This design report presents a possible solution to the challenge. The use of a
combination of well-known design methods and the advantage of today’s available software made it possible to
evaluate and optimize an unconventional aircraft.

The resulting design is a blended-wing-body aircraft capable of providing the passengers with a safe and
comfortable cabin interior, propelled by electrical motors powered by a hydrogen fuel cell. The hydrogen is
stored in liquid form in thermally isolated tanks to keep with the extremely low temperature requirements. The
environmental goals set for the aircraft are achieved by eliminating and reducing the generation of COs and
NO, gases, hence reducing the climate impact of the flight.

The design sets a precedent for the future of aviation with a 2035 horizon. The big step forward into green
technologies should also be met with a radical change of what a conventional aircraft is supposed to be. The

blended wing makes it directly apparent that the new era of commercial travel is upon us.

(DE) Die NASA/DLR Design Challenge stellt Studenten vor die Aufgabe ein effizientes 150-sitziges Flugzeug
zu entwickeln, dass mit dem alternativen Kraftstoff Wasserstoff betrieben wird. Dieser Projektbericht stellt eine
mogliche Losung fiir die Herausforderung vor. Durch die Verwendung einer Kombination aus bekannten En-
twurfsmethoden und dem Vorteil der heute verfiigharen Software war es moglich, ein unkonventionelles Flugzeug
zu evaluieren und zu optimieren.

Der resultierende Entwurf ist ein Blended-Wing-Body Flugzeug, dass den Passagieren einen sicheren und
komfortablen Innenraum bietet und von Elektromotoren angetrieben wird. Diese werden von einer Wasserstoff-
Brennstoffzelle versorgt. Der Wasserstoff wird in flissiger Form in thermisch isolierten Tanks gespeichert, um
die erforderlichen extrem niedrigen Temperaturen einzuhalten. Die flir das Flugzeug gesetzten Umweltziele
werden durch die Vermeidung und Reduzierung der Erzeugung von C'O; und NO, Gasen erreicht, wodurch die
Klimabelastung im Flug reduziert wird.

Das Design setzt einen Prézedenzfall fiir die Zukunft der Luftfahrt mit einem Zeithorizont von 2035. Der
grofle Schritt in Richtung griine Technologien sollte auch mit der radikalen Verdinderung dessen einhergehen,
was ein konventionelles Flugzeug sein soll. Der Blended Wing macht direkt deutlich, dass die neue Ara des

kommerziellen Reisens angebrochen ist.
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1. Market Analysis until 2035

The following chapter aims to explain the upcoming global trend of the aviation industry and from there derive
the first step of the design process for the future aircraft concept.

Over the past decades, the aviation market has proven to be a steady growing market with an average annual
growth rate of 4.3% and being nearly resilient to external shocks. Following a crisis, the aviation market tends
to recuperate entirely resulting in nearly 9 million Revenue Passenger Kilometers (RPKs) in 2018 [Air17]. While
the European and the North American markets have stagnated in growth, the emerging Central Asian market,
being one of the strongest growing markets, will considerably form the future of Top Level Aircraft Requirements
(TLARs). Until 2035, nearly 41% of the global aircraft demand will originate from the Central Asian market
due to the strong correlation between revenue passenger kilometre (RPK) and gross domestic product (GDP).
Additionally, a significant shift of demand to single-aisle aircraft is seen. Nearly 70% of new deliveries until
2035 will be single-aisle aircraft, while large wide-body aircraft will only make up 1% [Boel6].

Presently, the goal of the aircraft design process is to reduce operating costs on standard design missions while
meeting specific TLARs and meeting additional design limitations. The aim of being sustainable was not of high
priority [Lin+20]. Nevertheless, the meaning of sustainable aviation becomes of greater importance, especially
after COy emissions surpassed 400 ppm for the first time in history in 2013. This rise of CO3 emission in the
atmosphere shows an undeniable relationship with the amount of fossil fuels that have been burned [Bar+87].
This can also be seen in figure 1.1.

-<+— current level

For millennia, atmospheric carbon dioxide had never been above this line

<+— 1950 level

Figure 1.1.: Carbon Dioxide Levels [Cli]

Unfortunately, possible future revenue is the largest driver for future aircraft designs. It would be necessary to
implement further restrictions on airlines in order to influence the possibility of a sustainable and environmental
friendly future. In order to assess the behaviour, it is essential to consider the various factors that influence its
framework conditions, like political and legal basics and fuel availability. Two impelling forces that will affect to
future of sustainable aviation is the increase awareness of pollutants and global warming and the Paris Agreement
from 2015 [Gre+21]. The Covid-19 pandemic has also been a major driver for the increasing awareness due to a
rapid decrease of carbon emmission by a factor 2 to 3 during the global travel surge [Niz20]. As a consequence,
the ultimate solution approach would be a non-polluting fuel produced from renewable sources. In addition to
low emissions, hydrogen offers the great advantage of a three times higher energy density, compared to kerosene.
Nevertheless, due to the very low volumetric energy density it requires the necessary provision of additional
volume to accommodate the fuel [HHS06]. Consequently, there are some challenges, which have to be addressed,
in order to establish a sustainable, efficient and competitive configuration. These challenges are focused on an
overall efficient design of the aircraft and an often underestimated need for infrastructure. With this in mind,
the design approach for a hydrogen-powered aircraft servicing multiple short-haul routes a day is driven towards
fulfilling market demands while optimizing the synergy effects provided by the future hydrogen concept.



2. Methodological Analysis

In order to design the aircraft of tomorrow, current engineers can not hold on to the conventional designs of
the past. Therefore, a Morphological Box (Section 2.1) and comprehensive Design Studies (Section 2.2) are
conducted to enhance creativity and support a thinking-outside-the box mentality of all involved students on
this project. Through this process, a suitable initial design is selected in section 2.2

2.1. Morphological Box

Based on current and future design and technological advances, a broad spectrum of different strategies can be
identified on how to approach a new aircraft design. A Morphological Box is used to visualize possible design
solutions and to point out the main options of how to proceed and what the initial design will look like. The
Morphological Box is shown in figure 2.1. The indicated words show each solution for the desired parameter.
However, not all solutions are implemented into the final design. Some solutions like the windowless cabin are
not only a structural and design challenge, but also a challenge for the acceptance by the passengers on board.
The aim is to use a video screen inside of a cabin resembling a window to produce the illusion of looking outside.
Both the reasoning behind each parameter and the final design are explained later in this paper.

Parameters Solutions
Energy Generation | Combustion Backup Li-BAT Fuel Cell and
Combustion
Placement Fuel tanks Fuselage Wing and Fuselage
Configuration | Conventional Hybrid Flying Wing | Struct Braced Wing | Box joined wing
Thrust Generation | Turbofan Turboprop Open Rotor
Cabin | High-Tech With Windows Regular Seats Beds
Layout | Conventional Square Ellipsoid
Gear Gearless
Materials | Alu GFRP
Empennage | Traditional only Vertical Stabilizer None
Emergency Energy | APU BAT
Highlight Superconductor

Figure 2.1.: Morphological Box

2.2. Design Studies

The first step in every design process is to take a closer look at the set of requirements. In this case, the
requirements are established by the two project partners, namely DLR and NASA [DLR21]. Global requirements
begin with the mission definition as shown in table 2.1. The development focuses on a hydrogen-powered short-
to medium-range civil aircraft design for at least 150 passengers (PAX) on a range farther than 2000 km (1080
nautical miles). Flight altitude is 3000m (9843 ft) and higher, with a cruise Mach number of 0.7. For slow
approaches, a speed of less than 130 knots is considered to be optimal. The effects on the atmosphere and
an overall energy analysis should be taken into account. With more than 150 seats, the aircraft is considered
a medium-size aircraft in commercial transport operations. This size of aircraft is normally used on short-
/medium-range, regional routes. First marketing research on the existing fleet of aircraft with approximate 150
PAX is conducted. Table 2.2 shows the existing relationship between aircraft size (number of PAX) and design
range. It shows most of the potential competitors to the new design of conventional configuration. To improve
the conventional wing-cylindrical-fuselage-tail configuration of civil aircraft there are some popular ideas such
as installing next-generation engines, using laminar flow, new airfoils and winglets to improve aerodynamics.
Lightweight structure design is also an effective way to increase energy efficiency and reduce fuel consumption
and more innovative systems such as more electric system architecture, active and adaptive control should be
developed. However, the conventional Layout is gradually reaching an asymptotic limit in terms of efficiency,
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especially from an airframe point of view [KS15]. So the 'new look’ aircraft should be also considered for a
green future. Four design options like nonplanar wings, the oblique flying wing, wings with a very high-aspect-
ratio and flying wings are to be considered for unconventional configuration. Considering the large size of the
hydrogen fuel tank and the possibility of better aerodynamic characteristics, it is decided to choose the concept
of blended wing body (BWB) for the MANTA. The term BWB is used very often to account for configurations
that may deviate from the pure flying wing shape to accommodate the payload. With blended wing bodies, the
lift is produced both by the central body and by lateral wings. This contributes to a much better L/D ratio
compared to the classical configuration.

Table 2.1.: NASA/DLR Aeronautics Design Challenge 2021 specifications [DLR21]

Constraint Value/Description
Number of passengers 150
Passenger weight 80 kg/pax + 25 ke/pax Baggage
Crew 80 kg (flight deck and cabin)
Entry into service (EIS) 2035
Fuel H,/LH,
Cruise speed Ma = 0.7
Approach speed < 130 kts
Take-off field length (TOFL) < 2000 m
Range > 2000 km
Diversion range 200 NM
Altitude > 3000 m
Mission 1 Optimised for lowest climate impact

Optimised for lowest climate impact

Mission 2 . .
and maximum cost-effectiveness

Table 2.2.: Study of similar Aircraft Marketing

Aircraft type Number of PAX Range (km)
Required 150 > 2000
A319neo 140 6850
A320neo 165 6300
B737 MAX 8 189 6704
B727-200 145 4020
C919 156 5555
DC-8-55 189 8700
DC-8-62 189 9600
Irkut MC-21-300 163 5900
DZYNE Ascent1600 165 6482




3. Blended Wing Body

3.1. Initial Sizing

The decision of a Blended Wing Body bears difficulties for the initial sizing of the aircraft. Since there are
many unknown parameters, the initial sizing was based on the fixed design parameters like the payload and the
fuel cell decided in figure 2.1. The aircraft is built around the cabin which has a fixed number of passengers
and the hydrogen tanks sized according to the required volume. The cabin layout was configured early in the
design process. More on the design of the cabin layout and its elements are discussed later in section 3.2. The
determining parameters for the initial sizing were the length and diameter, as well as the required cabin height.
Once the design for the cabin layout is set, divided into two classes, the next step determines the required
volume for the liquid hydrogen tanks. Taking a 150 passengers aircraft with an energy requirement of 22 MW
obtained from [Fell6] as a baseline, an initial value for the required tank volume is calculated to be around
80m?, which is divided into 4 equally sized tanks. This value would evolve as the specific requirements for the
mission are more clearly examined during the iterative design of the MANTA.

3.1.1. Wing Design

Figure 3.1.: First Iteration BWB  Figure 3.2.: Second Iteration BWB Figure 3.3.: Final Iteration BWB
Design Design Design

For the design of the BWB many airfoils were considered. However, ultimately, the airfoil MH-91 [Hep21b)]
with a thickness of 14.98 % is chosen for the sections D and E, and the airfoil MH61 [Hep2la] with a thickness
of 10.2% for sections A through C as seen on figure 3.4. The MH-91 airfoil is able to conceal a large internal
volume with a relatively short chord length, and is therefore suitable for the cabin section of the BWB. For the
first iteration, the only objective is to conceal the structure of the cabin and the tanks with the airfoil as seen in
figure 3.1, in order to get a better understanding of the dimensions of the aircraft. The structures are concealed
within the airfoil but the proportions between the airfoils and the sweep angles required further optimization.
The relationships found on [DJ19, pp.6-7] are used to optimize the sweep angle of the wing and the correlation
between the different sections, thus the second iteration is developed as seen in figure 3.2. A final approach
is performed to streamline the sweep angles of the wing and the center body, as well as to shorten the center
airfoils chord length to reduce unused space. For the final design, the sweep angle is streamlined to 75° for the
center body and 43° for the wing, as supported by [SQ06]. The final design is shown in figure 3.3. This design
is then analyzed to obtain the aerodynamic properties as seen in section 3.3. The geometric parameters of the
wing are summarized in table 3.1.

Table 3.1.: Wing Geometric Parameters

Parameter Value Description

Sref 619.35m? Wing Area
AR 4.53 Aspect Ratio
b 53 m Wing Span

Figure 3.4.: Sections BWB
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3.1.2. Mass Calculation

The mass for MANTA is calculated using a statistical mass approximation for the different systems and compo-
nents of the aircraft. The equations used for the calculations are described in the Luftfahrttechnisches Handbuch
(LTH) [DG11]. Since the LTH does not account for a BWB design, the blended wing was divided in sections
as seen on figure 3.4, in order to calculate the mass. Sections A through C where calculated as a traditional
wing and sections D and E as fuselage. To obtain the mass estimation of the fuselage, systems, furniture, and
operational items, the length and diameter of the cabin as obtained from table A.1 and A.2, as well as the
number of passengers are required. Table 3.2 shows the cabin mass approximation for 150 passengers.

The masses of the wings, propulsion system (props, E-Motor, inverter/controller), landing gear, and energy
system are obtained after many iterations and optimization steps. Initial approximations and assumptions are
taken from literature. To calculate the wing’s mass, the equations found in the LTH [DG11] are applicable
once the wing geometry is determined. For the landing gear, the weight is calculated from the maximum
landing weight, which is obtained by subtracting the mass of the block fuel (BF) from the maximum take-off
mass (MTOM). The required energy consumption is analyzed in section 3.4 as it is a decisive factor for the
propulsion system and the power generation systems.

The mass calculation for the power generation system is detailed in chapter 4. Once the required thrust and
mechanical power needed for the different flight phases is determined in subsection 3.4.2, a propulsion system
that can satisfy the different flight phases was selected. The NASA N3-X electric fan propulsion system [FB09]
is selected for the MANTA and downscaled to satisfy the requirements. More on the propulsion system is
found in section 3.5. From the flight performance analysis in section 3.3, it was determined that two horizontal
stabilizers are needed for MANTA, the weight of which is also calculated using the LTH [DG11] method. The
results for the iterative mass systems can be found in table 3.3. The final mass calculation are summarized in
table 3.4. The mass of the block fuel for a 2000 km mission with a 200 NM loiter is used for calculating the
maximum take-off mass.

Table 3.3.: Mass Iterations

Table 3.2.: Mass Cabin Table 3.4.: Mass MANTA
Parameter Value Parameter Value Parameter Value
Fuselage 8193 ke Wing 13735 kg OME 63150 kg
Systems 4218 k Vertical stabilizers 1012 kg m 15750 k
oy (Short Range) 5963 kg Landing gear 3322 kg Mo 1276 kg
PP 8 & Propulsion systems 4218 kg BE &
Furniture 2095 kg MTOM 80176 kg

Energy system empty 20796 kg

The mass range diagram, as seen in figure 3.5, is calculated by using the Breguet range equation for a constant
cruise speed [Gud13]. For an approximation of the fuel consumption per hour Wy, the maximum block fuel
mpr, taken from table 3.4, is divided by the total flight time 3.3h as seen in table 3.7. To obtain the specific
fuel consumption (SFC) ¢; in kﬁh (Equation 3.1) according to [Gud13], Wyei/p is divided by the thrust during

cruise Ty uise a8 seen in equation 3.4. This yields a SFC of ¢; = 0.0132 %.
(quel h)
“= Tcruis/c (31)

Two segments are analyzed for the mass range diagram. The first for the maximum take-off mass with
maximum payload, equal to 2637.7 km. The second range is considered for a take off mass without PL, which
is equal to the OME plus the BF equal to 3289.1 km.
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Figure 3.5.: Payload Range Diagram

3.2. Cabin Configuration

According to [KS15] the major challenges of BWB are numerous and related to the cabin, like evacuation
scenarios, passenger comfort, and passenger acceptance. Thus during the cabin design, three perspectives:
passenger, airlines, and climate are considered. From the passenger’s perspective safety, comfort, and acceptance
of virtual windows is taken into account. From the airline’s side, the economic aspects are given top priority.

3.2.1. Key Conditions

Figure 3.6.: Full Cabin Side View

The total cabin length is 22.35 m with a two-class arrangement for a total of 150 passengers (see Figure 3.6).
The cabin is divided into a business class (BC)/economy class (YC) splitting of 16/134 and it’s cross-section
is shown in figure 3.8. A wide BWB fuselage configuration is applied, aiming at the beneficial aerodynamic
features and space for the liquid hydrogen tank. Aircrafts having only one passenger aisle, no more than 3 seats
abreast may be placed on each side of the aisle in any row [Age20]. Therefore, a 3-4-3 abreast configuration is
chosen fulfilling the airworthiness requirements from CS 25.817.

Two ‘Type I’ and one ‘Type III" emergency exits on each side allow a quick evacuation of the passengers in
case of emergency. The passenger evacuation is discussed in section 3.2.2. The cargo compartment is located
in the underfloor of the EC-class passenger cabin. For 150 Passenger 4 LD3 containers are needed.



MANTA CHAPTER 3. BLENDED WING BODY

They offer a load capacity of 36 m®. More detailed dimensions of cabin
interior are shown in table A.1 and table A.2. Considering the difficulty of
external windows for a BWB they are replaced with virtual windows (see
figure 3.7). The virtual windows are made using organic light-emitting
diodes (OLEDs), a combination of advanced materials that emit their
own light when activated by electricity. The screens are of a similar size
as of a B787 conventional window. Regarding the size, smaller screens
are better suited, as larger displays produce optical pollution causing pas-
senger visual fatigue. Unlike LED and plasma displays, they do not need
backlighting, allowing them to use less energy and to be much thinner Figure 3.7.: Cabin With Virtual
than other displays and traditional windows. Since 2017 Emirates’ Boe- Window
ing 777-300ERs is the first aircraft that offers the first-class suites along
the center of the plane with virtual windows. This new technology received good feedback from passengers. By
replacing the traditional windows, the aircraft becomes lighter, can fly faster, burns less fuel, and flies higher.
To avoid claustrophobic sensations, the virtual windows can display what is going on outside in real-time with
externally mounted fiber-optic cameras.

According to Kozek, M. et al [JM13], colored lighting influences psychological and physiological well-being.
In order to reduce passenger discomfort with a windowless cabin, a colored LED lighting system is used in the
MANTA interior design. Yellow can be beneficial in making passengers more relaxed. Besides, yellow and blue
hues are useful for increasing and decreasing temperature sensation respectively which could further result in
a reduction of environmental control system (ECS) performance and energy consumption. In comparison to
incandescent lighting, LED lighting has reduced power consumption and a longer operating lifetime.

Carbon fiber-reinforced composites are popular materials in aircraft manufacturing in recent years because
of their durability, lightweight and ability to be formed in complex shapes. More than half of the structure of
an A350 XWB is composite. One particular standout material is carbon-fiber-reinforced plastic (CFRP) as it
is lighter than aluminum, stronger than steel, and more resistant against corrosion. According to [Pim11], from
2015 to 2035 the composite demand in aerospace will be doubled and carbon fiber waste from only production
scrap will be up to 75000 tons. Nowadays, more and more firms and institutes pursue composites recycling.
The energy consumed in recycling methods ranges from 2 to 10 [kWh/kg] and is far below the energy consumed
to manufacture the virgin carbon fiber (55-165 [kWh/kg]) [Honl5]. Therefore, from the aspect of energy
consumption, the recycling method is economical, and hence recycled carbon fiber (RCF) materials would be
used in our cabin interior sidewall panel. Additionally, beyond its potential to reduce molding time and cost
in post-finishing, the RCF sidewalls also achieved a 22% weight reduction. The dimpling effect is also reduced,
which often appears in conventional sidewall production in the laminate bridges of the honeycomb cells. [Gar16].
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Figure 3.8.: Cabin Cross Section
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3.2.2. Emergency Evacuation Simulation

The certification regulations for airworthiness state that the time to evacuate a civil aircraft, in case of an
emergency, must be less than 90 seconds with half of all exit doors closed [Age20].

(a) Half of Exit Doors are Closed (b) Modeled Cabin and PAX in Evacuation Simulation

Figure 3.9.: Cabin Evacuation Simulation

The software crowd:it by Accu:rate is used to simulate the cabin emergency evacuation [accll]. The inputs
for the simulation are the cabin layout (cabin width, cabin length, exits, seat abreast, seat pitch, lavatories,
and galleys), passenger setting, and passenger behavior setting. The initial state for the simulation is shown
in figure 3.9 with the doors on the right side of the aircraft closed. A total of 150 passengers are generated
within the first second. Each has a different response time ranging between zero and ten seconds. The value of
“comfort distance” represents the human behavior during the evacuation situation and corresponds to a dense
crowd. In this case, the distance is set to 0.7m for passenger, according to [AB20]. This value is regarded as
the average arm length of an European adult. The size of doors is reduced in the simulator so that only one
passenger will be allowed to exit at a time. 66 passengers go through the Exit 1 (Door type I: 0.508 m x 1.85m),
68 passengers go through the Exit 2 (same size as Exit 1) and 16 passengers go through the Exit 3 (Door type
III: 0.508 m x 1.2m). The speed of a passenger depends on the passenger’s gender, age and passenger load (see
Table B.3 , Table B.4 and Table B.5). The figure 3.10 displays the number of passengers inside MANTA over
the evacuation time with half of all exit doors closed. The result for the evacuation time is 32 seconds. It fulfills
the safety requirements.

MANTA Cabin Evacuation

Number of PAX in AC

1 6 11 16 21 26 31

Evacuation Time in [s]

Figure 3.10.: Number of PAX inside MANTA
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3.3. Flight Performance

The following chapter aims to describe the aerodynamic characteristics of MANTA. After the CFD method is
explained, a thorough Gust-Load Analysis is performed in the subsequent section.

3.3.1. Aerodynamic Characteristics

Due to the selection of a Blended Wing Body and the absence of wind tunnel testing, computational fluid
dynamics are used for the aerodynamic analysis. The open-source tool OpenVSP [Lan21] is used. The analysis
is carried out with the low fidelity vortex lattice method. 2"¢ Karman-Tsien compressibility correction is used
to extend the solutions to compressible subsonic flows. A thorough design of the wing is already described in
subsection 3.1.1. The aerodynamics analysis quickly shows that a widespread area in the aft of the fuselage
contributes only marginally to the lift. At higher angles of attack, a > 20°, the airflow separation and a positive
pressure distribution become evidently visible (Figure 3.11 (b)). This distribution is visible up to the outboard
ailerons. As a comparison, the pressure distribution of an AoA of o = 3° is shown in figure 3.11 (a).

Delta-Cp Delta-Cp
s 1.36698 m 0.73410
0.14848 031738
-0.01732 -0.21989
-0.18313 -0.75716
-0.34893 -1.29444
I -0.51473 I -1.83171
= 169109 = 6.63040

(a) 3° AoA (b) 20° AoA

Figure 3.11.: Pressure distribution

Even though the fuselage still generates enough lift beyond this angle of attack to fly horizontally, the outer
part of the wing has insufficient airflow over the control surfaces. This can result in lateral instability if the
AoA is increased any further. This instability is very crucial during the phases of take-off and landing since
high angles of attack are used to generate sufficient lift during these slow phases of flight. The small margin
of recovery due to the proximity to the ground can be fatal. Therefore, MANTA is limited to a 20° angle of
attack using angle of attack limiters [OM14]. Similar to a conventional aircraft, the amount of drag on the
outer part of the wing is minimized using higher aspect ratio wings. Due to the early separation of airflow along
the main fuselage, the chord length was shortened by almost 6 m resulting in a significant weight reduction.
The relatively short cabin length results in minor Center of Gravity (CoG) variations and low pitch inertia.
This, combined with moderate wing loading, lowers control power requirements. The CoG is also an important
input for the longitudinal stability of the BWB. To meet the stability requirements and achieve an elliptical lift
distribution to reduce induced drag, modifications to the angle of incidence of certain wing portions are applied.
The angles are varied from 0° up to 4°. Figure 3.12 shows that the load distribution is close to elliptic. The
following two requirements must be met to achieve a stationary, stable, and trimmed flight condition. First,
the pitching moment must equal zero (Equation 3.2). Second, the center of gravity is positioned in front of the
neutral point of the aircraft, resulting in a negative gradient of the moment coefficient polar (Equation 3.3). As
a result, at zero lift, the moment coefficient must be greater than zero [RWH14].

0Cy  0Cy  Cua

0C 4 O Cha (3.2)
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(3.3)
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Figure 3.12.: Spanwise lift distribution

The aerodynamic analysis provides the polars of the BWB during take
off (Figure 3.13) and cruise (Figure 3.14) respectively. The most impor-
tant parameters like lift to drag ratios and maximum coefficients of lift Table 3.5.: Aerodynamic Parame-
are listed in table 3.5. ters

As a result of the mass breakdown, the center of gravity is calculated
to be 16.65 m measured from the radome of the BWB. The resulting mo-
ment coefficient for cruise in figure 3.14 demonstrates, that both criteria % 27.48 26.7
for static stability are met. The static stability and the trimmed cruise  CLmaa 1.1 1.3
flight at about 3° AoA were only achievable by introducing a V-shaped
stabilizer. The V-shaped stabilizer was an adequate compromise between the reduction of lift to drag ratio
and achieving directional in addition to longitudinal stability. Prior to the introduction of the stabilizer, large
winglets were implemented to assure adequate directional stability. Now the winglets of the BWB can be sim-
plified and shortened due to the fact, that their primary purpose is not to supply directional stability anymore.
Their primary purpose now is to reduce the induced drag at slow phases of flight and to produce an optimized
elliptical lift distribution across the BWB. In order to achieve longitudinal stability without the necessity of
using a V-shaped stabilizer, the wing needs to be further optimized and state-of-the-art control surfaces need
to be implemented [Wu+12]. This however, exceeds the scope of the current design study.

Parameter Take Off Cruise
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Figure 3.13.: BWB Polars during take-off
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Figure 3.14.: BWB Polars during Cruise

3.3.2. V-n Diagram

The V-n diagram Figure 3.15 represents the load factor n versus airspeed V' and is composed of both maneuver
and gust loads. These are superimposed to fully demonstrate the flight operating strength of the airplane
and the flight design frame. It shows, how the speed must be adjusted to account for various effects such as
turbulence, stall, dive, etc [Gud13]. The dive speed Vp = 310.1 m/s represents the maximum speed the aircraft
structure can safely withstand. The intersection of the positive limiting load factor and the line of maximum
positive lift capacity is marked by the maneuvering speed V4 = 63.59 m/s. V. = 221.5 is the cruise speed
and Vg = 39.94 m/s is the stall speed at a load factor of n = 1. The procedure is carried out based on the
CS-25 [Age20]. Accordingly, the maximum positive load factor n;} . = 2.5 and the maximum negative load
factor n.,,. = —1 are obtained. Load factors due to gusts ranging from a negative 1.5 to a positive 3.5 are not
unheard of as stated by [Ray18, p 497].

Maneuvering Loading
———— Gust Loading J

Load Factor [-]

150 200
Air Speed [m/s]

350

Figure 3.15.: V-n Diagram
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3.4. Energy Calculation

In order to calculate the total necessary energy to complete the design mission, the energy consumption for the
different individual systems is calculated. The energy requirement is the decisive factor for the design of the
fuel cell and its many components, which is why a preliminary approximation is of great importance. The main
energy consumer is the propulsion system. However, the other systems and subsystems that require electrical
energy should not be overlooked nor underestimated.

3.4.1. Cabin Energy Requirements

For the cabin energy consumption, the values were obtained using an approach method based on data from
literature [Sch15]. Electrical, hydraulic, pneumatic, and mechanical energy are the main types of energy in a
conventional aircraft. The traditional ECS is powered mainly by bleed air extracted from the engines, hence
it is powered by pneumatic energy. Wing Ice Protection System (IPS) is typically applied using hot bleed air
extracted from the engines. It’s main power source is also pneumatic energy. However, some components like
cockpit windows and ice detectors use electrical energy for anti-icing. The landing gear and many actuators
of the flight control surfaces (FCS) need hydraulic energy. Due to its difficulty to analyze every detailed
energy system, it is assumed that the aircraft is an all-electric aircraft (AEA). To calculate the total energy
consumption, the following five flight phases are taken into consideration: take-off, climb/accelerate, cruise,
loiter, and descent. The results for the energy consumption are shown in table 3.6.

Table 3.6.: Cabin Energy Consumption per Segment [kW)]
Take-Off Climb/Accelerate Cruise Loiter Descent

0.02h 0.11h 251h 0.46h  0.22h
ECS 150 150 240 240 150
Cabin and Cargo 96 96 127 127 96
Exterior Lighting 2.5 4 2.5 2.5 4
Avionics and Cockpit 4 4 4 4 4
Total Cabin 252.5 254  373.5 3735 254
Anti-icing 0 62 3 3 62
Actuators of the FCS 0 72 72 72 72
Fuel system 6 6 6 6 6
Total Systems 258.5 394 4545  454.5 394

3.4.2. Propulsion Energy Requirements

The thrust for flight is generated through a propulsion system consisting of electrical-powered propellers. The
energy requirements for the propulsion system are obtained by taking into consideration multiple assumptions
regarding the power strain. The design mission is set for a range of 2000 km at a cruise altitude of 6000 m at
Mach 0.7 The propeller efficiency is set to 80% according to [Ray18, p.481]. Nevertheless, improvements in the
propeller efficiency of up to 99.94% can be expected by 2030 [FB09].

For the electric motor efficiency, values between 90% [Rayl8, p.739] and 99% [FB09] for the year 2030
were obtained. A realistic efficiency of 95% for the electric motor is assumed for the calculations. For the
inverter/controller an efficiency value of 99%[Ray18, p.745] is set. The MTOM was first approximated according
to the literature. As the energy requirements are obtained the mass for the energy generation system needs to
be calculated again and the process is repeated. After multiple iterations, the system stabilizes and final results
are obtained.

For cruise, the thrust was calculated using the thrust to weight ratio as from equation 3.4 taken from [Ray18,
p. 120] with an (L/D)_, . €dual to 26.7at a cruising altitude of 6000m as stated on 3.5. With the thrust
needed for cruise, the mechanical energy was obtained using the equation 3.5 [Ray18, p. 483]. The electrical
power required for the electric motor is then obtained using the motor efficiency. The resulting electrical

12
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power is obtained by applying the inverter/controller efficiency as seen from equation 3.6. For the loiter flight
phase, the process is similar as in cruise, taking into consideration that the (L/D),.,., is equal to 86.6% of
(L/D) yise according to [Rayl8, p.120] at a loiter altitude of 4500m. For the take-off a relationship between
(Prakeoft/ Deruise) 18 estimated from [Ray18, p.122] to be between 40 to 70%. Comparing this to the value for the
propulsion system used in the NASA N3-X aircraft [FB09], a value of 40% for (Piakeoft/Deruise) is set for the
MANTA. For the climb the CL,,,, was determined to be 1.3 as seen on table 3.5. With a climb rate of 3500
ft/min the necessary power for climb was calculated. For descend it was assumed that the electric motors are
idle with a power between 8-10 % of the maximal power. The duration of each of the flight phases was either
taken from literature or calculated using the speed and range. The results for the propulsion energy requirements
can be found in table 3.7. For the total energy requirement, the cabin energy requirements (Table 3.6) and the
propulsion energy requirements were added and the result is found in table 3.7.

T ) 1
T _ (3.4)
(W cruise (%)cruise

T
Preeh = (35)
nprop‘/cruise
Prec
Poectric = b (36)
Nemotorlinv/con

Table 3.7.: Energy Requirements for Thrust generation and Total

. . Mechanical Electric Total
Flight Phase  Duration Power Propulsion Power Propulsion Electric Power
Take-off 0.02h 19.39 MW 20.61 MW 20.871 MW
Climb 0.11h 17.37T MW 18.47T MW 18.865 MW
Cruise 2.51h 8.10 MW 8.61 MW 9.066 MW
Loiter 0.46h 9.22 MW 9.80 MW 10.255 MW
Descend 0.22h 1.94 MW 2.06 MW 2.455 MW

3.5. Balanced Field Length

With the mass of the MANTA determined in subsection 3.1.2 and the aerodynamic characteristics obtained
in section 3.3 the balanced field length (BFL) is calculated. The propulsion system (fans, e-motors, in-
verter/controller), as mentioned before in subsection 3.1.2, is obtained from the NASA N3-X aircraft [FB09].
The NASA N3-X aircraft is a good reference since it is also a BWB with an electrical propulsion system (31,000
ft at Mach 0.8). As the NASA N3-X aircraft is more than double the MTOM of the MANTA, the propulsion
characteristics are calculated for each propeller. Comparing the required thrust and mechanical power for the
different flight phases with the propulsion characteristics of the NASA N3-X propellers, it is determined that
four of the NASA N3-X propellers satisfy the propulsion requirements of MANTA. The most important char-
acteristics of the NASA N3-X propulsion system are summarized in table 3.8 [FB09, tab 4]. Figure 3.16 shows
a simplified rendering of the propulsion system to get a better understanding of its shape and function.

The equation 3.7 and equation 3.8 are taken from [Rayl8, p.675] and used for the determination of the
BFL. The equations are empirical and therefore set in the imperial system and afterwards, conversions were
undertaken.

proe O (WIS_ ) (1+2.7)+(655) 57)

1+23G ngL(;liInb Tm,/W -U A /p/pSL
LNeDE,
Top = 5.75bhp | 25—~ 3.8
p [ b ] (3.8)
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With these parameters a BFL of 2413 m is obtained for the MANTA. With a typical electrical engine boost of
25%, according to [Ray18, p 739-740], a BFL of 1849 m can be achieved, satisfying the required BFL < 2000 m.
For landing, the stall speed Vi = 39.94 m/s and the approach speed Vo= 1.3 - Vitan = 51.92 m/s is obtained
according to Raymer [Ray18, p. 676], satisfying the required approach speed of V, < 66.88 m/s.

Table 3.8.: NASA N3-X Propeller Characteristics

Parameter Value Description
Par, 6.63 MW  Power at sea level
N, 4 Number of props
D, 1.285m  Diameter of prop

Figure 3.16.: Propulsion System NASA N3-X [FB09]

3.6. Structural Analysis

The aircraft wing is the primary lift-producing device of an aircraft. It bears aerodynamic and structural loads.
In a horizontal steady flight, the principal loads acting are the weight, lift, drag, and thrust forces. However, in
a realistic scenario, the airframe is loaded by a further combination of loads due to gusts, aircraft maneuvers,
cabin pressure and landing gear. The loads can be either concentrated or distributed. The lift force and the
weight act as distributed loads, whereas concentrated loads are applied to the aircraft by the landing gear and
the thrust force. The consequence of either of the load cases acting on the structure can be seen in the form of
deformation that correlates to stresses [Ald18]. This section explores the structural behavior of the outboard
wing’s (Sections A to C as shown in figure 3.4) load bearing structure. For the designed vehicle as shown in
figure 3.3, a load-bearing wing skeleton comprising mainly of ribs and spars is modeled for the analysis. The
final structure is obtained in an iterative manner and is illustrated in Figure 3.17 (a).

(a) Wing Load bearing structure (b) Simulation Setup

Figure 3.17.: FEM Analysis

The modeling and the stress analysis of the load-bearing structure (Figure 3.18) are performed in Autodesk
Inventor. The analysis interface in Autodesk Inventor requires the user to assign a material to the model, place
forces and constraints for appropriate simulation results. As mentioned in Figure 2.1, GLARE is the material
of choice for the MANTA concept due to its well-known advantages. As boundary conditions, the face of the
wing at the root is set as a fixed constraint. Based on the mass calculations in section 3.1, the required lift
force is calculated. Zhenli, C. et al states that the center-body of a BWB typically provides about 30% lift at
cruise when an elliptical lifting distribution in the span-wise direction is assumed [Zhel9]. Based on the stated
remark, the total lift force acting on the outboard wing is determined. The resulting force is then defined in the
analysis interface as a distributed loading acting on the wing’s lower panel. Once these parameters are defined,
a fine mesh is generated. Figure 3.17 (b) shows the force distribution, the constraints and the mesh applied on
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the wing structure. Thereafter, the structural analysis is performed, and the deformation is computed. The
load-bearing structure is then optimized by reducing the rib and/or the spar width based on the computational
results and the analysis is repeated. The deformation of the final iteration computed based on the stress analysis
is provided below.
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Figure 3.18.: Total Deformation

Spars sustain large loads inclining to twist the wing while the ribs prevent the wing from buckling. As can
be seen in the 3.18, distortion is observed at the tip of the wing, calculated to be 903.9 mm. At the root of the
wing, the deformation is minimal.

It must be noted, that the entire structure is modeled as a single solid body, hence the joints have zero
clearance between them. The overall results show that the value of total deformation is minimal and the
objective to obtain the static structural characteristic for the vehicle concept requirements has been achieved.
Moreover, the increased stiffness observed near the root area in the wing section gives an insight into further the
optimization potential. The structure can be further optimized by removing material from areas with minimal
stress. This would consequently result in a reduction of aircraft weight and an enhanced aircraft performance.

3.7. Geometrical Representation

MANTASs geometrical representation of the front and side view are depicted in figure 3.19 and figure 3.20
respectively. More on the geometrical representation can be found in figure C.1 and figure C.2 as well as in
table 3.9.
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Table 3.9.: Geometric parameters MANTA — +7 E’ H wi
b 53.00 m
Parameter Value Description
L 36m Length Figure 3.19.: Front View

b 53m  Wingspan

Hmax 7.2m Maximum Height [ ﬁ C—lﬂ

Huwing 3.8m Height under Wing ~ ‘ -
% =

©Xg ]

Hdoor 3.9m Height main Door
Figure 3.20.: Side View
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4. Power Generation

4.1. Hydrogen Propulsion

For hydrogen propulsion, there are two possibilities for the usage of the fuel: First is the conventional combustion
of the fuel inside a gas turbine, whereas the second possibility is the electric charge generated inside a fuel cell.
Even though both technologies do not produce COs, hydrogen combustion produces NO, because of the high
temperatures generated. Additionally, fuel cells have a higher efficiency which led to the selection of fuel cell
technology for the propulsion of the MANTA. The main property of the propulsion system is the amount of
power to be generated. Through aerodynamics, the maximum electrical power requirement was calculated to
be 20.87 MW during takeoff (Table 3.7). Regular jet engines aviation safety regulations mandate an extra of
25% to take the critical scenario of OEI into account [Ray18, p.739]. For the MANTA and other aircraft, which
have a power source different from the engines, this critical scenario is shifted to that respective source. For
redundancy, the fuel cell stacks are split into two independent subsystems. The OEI scenario is thereby applied
to the power source raising it to approximately 26.1 MW.

4.2. Electric Components

Before the fuel cell can be looked closer upon, the APU has to be considered

X ) X ) Table 4.1.: Battery characteristics
first. As mentioned before, the maximum power requirement is needed

during takeoff for a very brief moment, while the power requirement is only ~_Parameter Value

at 9.07MW for most of the flight. To reduce the sizing requirements of  power 11.8 MW
100% of takeoft power, to the power needed during cruise, a battery is built  energy 1.8 MWh
into the system. In addition to providing a power boost of approximately  specific energy 750 Wh/ikg
11.8 MW during takeoff and climb, the battery has the function to start  weight 2393 kg
the fuel cell system, as it cannot start without an external power source  specific cost 80 %/kg
in a reasonable timeframe. Moreover, it has to fulfill the conventional efficiency 97%

requirements such as emergency door system, floor escape path lighting,
emergency locator transmitter (ELT), Flight Data Recorder (FDR), and
Cockpit Voice Recorder (CVR). Similar to the fuel cells, the battery is split at least into two independent
units and 125% oversized for an OEI scenario. Consequently, the battery has to have a stored energy amount
of approximately 1.8 MW h. The sizing parameters of such a battery [BD15, p.22] are selected after NASA
SUGAR with an EIS of 2030-2035 and listed in table 4.1. The electricity generated by the fuel cell has to
be converted for further usage which warrants a DC/DC and DC/AC converter. Both types are high-power
SiC-based converters with 98%-efficiency or higher [Fral5] [Li+21] [Tay+20].

4.3. Fuel Cell

After the fundamental propulsion technology is set, the specific fuel cell type has to be selected. Amongst those,
the proton exchange membrane fuel cell (PEMFC) and the solid oxide fuel cell (SOFC) are the ones with the
most promising characteristics [Spel3, p.4] but the very high working conditions of the SOFC (800 °C) [Spel3,
p.7] pose major difficulties. One of those characteristics is, that these fuel cells do not require pure oxygen
and can work with air. Currently ”in aircraft application, PEMFCs, which are more advanced, are a few steps
ahead of SOFCs” [Fer+18, p.19], which sets the MANTASs source of power on a PEMFC. To get accurate sizing
parameters, the PEMFC is based on a currently available model [Pow21]. The required power remaining after
the boost is approximately 9.07 MW which results in 11.34 MW including the OEI extra. As the EIS is set to be
in 2035, the PEMFC is calculated with an improvement of 10%, to represent the improvements in stack power
density from 2021 to 2035, set by various fuel cell expert assessments [Whi+19, fig. 1C]. The fuel cell efficiency
would thereby rise from the current model’s 53.47% to 58.82%.
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From the specified model the operating characteristics are specified in  Table 4.2.: PowerCellution®

table 4.2. The optimum operating air pressure is around 2.5 bar [BM10, fig. P-Stack characteristics
6] [Loh11, fig.6.4.2-1], but is limited to only 2bar. The air temperature is [Pow21]

set to 70 °C, as the increase in efficiency gets diminished by the dehydration Parameter Valuo

of the membrane, leading to increasing ohmic resistance [Lar+18] [Lohll,

fig.6.4.1-2]. The air humidity target is set to 80% because it causes the  MaX power 125 kW
lowest drop in cell voltage [KCK15, fig. 7]. The oxygen excess ratio is cell count 455
set to 1.8, producing the highest cell voltage [BM10, fig. 6]. Through the volume 38.13 L
chemical equations and characteristics given, the airflow required can be weight 42 kg
calculated to be approximately 12.43ks/s. Coupled with the flight mission =~ max Hy pressure 2.2 bar
time and power required during different phases of the flight, the required ~ Max air pressure 2.0 bar

hydrogen mass can be calculated to be 1276 kg which is shown later in operational lifetime 20 000 h
equation 4.3. The operational lifetime is specified by the manufacturer to

be 20000 h. This value is very problematic, as it does not include the limit below which the fuel cell is considered
to be nonoperational. The assessment made by fuel cell experts, defined the durability “as the time until the
fuel cell stacks rated power reduces to a value that is 10% less than its beginning-of-life rated power”, which
will have risen from around 5000 h in 2020 to 6000-7000 h in 2035 [Whi+19, pp.4900-4901].
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Figure 4.1.: Fuel cell system overview [Guo+13, fig.1]

4.4. Compressor

The first component’s objective is to supply the fuel cell with 2 bar of air. However, due to the characteristics of
the PEMFC, the compressor has to meet several additional requirements. The first requirement is to pressurize
the air up to the above-mentioned optimum working conditions. The next requirements are mass and volume
of the compressor which are shared between all aircraft components. Furthermore, the membrane requires an
oil-free compressor as the oil would contaminate the membrane and damage it. The last requirement is the
creation of pressure ripples which have to be limited to 100 mbar to 200 mbar because stronger ripples would
rupture the membrane. In a comparison between several compressor variants the centrifugal compressor excels
in most requirements which can be seen in the radar charts in figure 4.2 [BM10].

The next task is the polytropic calculation of the thermodynamic properties of the air compressor. The boundary
conditions are the flight altitude of 6000 m which equates to a static air pressure of approximately 0.47 bar and
the flight speed of 0.7 Ma, which equates to a dynamic air pressure of 0.54bar. Similarly, the dynamic air
temperature is 259 K.

17



MANTA CHAPTER 4. POWER GENERATION

To calculate the air compression in a re-
alistic polytropic way, the compressor effi-
ciency is needed. This value is specific to a

compressor model which can be read off a
compressor map Wthh iS uSuaHy pI‘OVided a)Centrifugal (b)Claw c)Lobe d)Membrane (e)Piston (hHRotary vane

by the manufacturer. With a conservative
estimate of 75% [CRO06], the polytropic coef-
ficient and subsequently the polytropic ratio

is calculated. With this ratio, it is possible

to calculate the exit temperature of the air g)Screw )Scroll  (i)Side channel
which results at 426 K. As a result, the com- P’e;;“re pressure coment Foles
pressor needs 2.1 MW which has to be pro- volume woi | P with without with vithout
vided by the fuel cell itself. This results in o.mass o volume,

—1
. . . . 1 1 hi light b |k t
an iterative loop which increases the power Mass  Pressure cany IO BTy compac

to be generated from the fuel cell until the roples

actual power generated meets the demand Figure 4.2.: Radar chart of different compressor variants and their
of the propulsion, the cabin, etc., and the corresponding properties [BM10, fig. 9]

parasitic demand of the compressor. Thus,

the required power rises to approximately 14.2 MW. The parasitic power demand of 15% is the upper limit
for air compressors in fuel cell systems inside regular environments [Zha+14, sec.1]. The next step is the mass
of the compressor which is calculated with the specific values of the air sub-system of a fuel cell from Ballard
[Bal21]. This results in a mass of 1271kg for the compressor including a motor to drive the compressor. The
entire compressor calculation is done without any future improvements for the sake of more realistic values
instead of non-established concepts. One of many future improvements would be the use of blade-less turbo
compressors [HW17] or air-foil-bearing motors produced from Mohawk Innovative Technology [Moh21] which
would significantly improve the motor efficiency.

4.5. Heat Exchanger

Once the air is compressed the temperature will exceed the maximum ™
temperature of the fuel cell membrane. Moreover, the fuel cell and the
compressor efficiencies are less than perfect which implies that waste heat
is generated. For all of those reasons, a heat exchanger has to be build
into the system to cool off these components. As it is explained in later
sections, the cryogenic hydrogen plane has the advantage over the regular
kerosene airplane, that there is a mass that has to be heated to the oper-
ating conditions of the fuel cell. These tasks can be synergized together
to vastly reduce the size of the heat exchangers that would be required.
The heat exchanger type is selected to be a cross-flow heat exchanger Figure 4.3.: Louvered heat

as it fits the requirements of an aircraft better than a counter-flow heat exchanger segment
exchanger. The specific model is set to be a louvered-fin heat exchanger [LST13, fig.18]

to increase the effective heat transfer area [Liid+11, p.1092]. The heat

exchanger is calculated with the e-NTU Method whereas the ¢ is not cal-

culated but taken from empirical data [CW97]. This is because even a simplified heat exchanger is dependant
on multiple geometric assumptions such as the tube height, -length, -wall thickness, fin height, -length, louver
angle, louver cut length, etc. The e-NTU equation for an unmixed cross-flow [Hes01, Table 6.1]:

»l
Ly

(4.1)

0.22
0=c¢e¢— {1 — exp [exp (—NTUO'78 -CF — 1) NTU} }

C*

In addition to the geometric assumptions (Table D.7), there are also multiple assumptions over the heat transfer
known as the Murray-Gardner Assumptions [Mur38]. The mass of the heat exchanger is susceptible to major
increases of up to 100% due to redundancy considerations [Kel+21].
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4.6. Water system

After the air is cooled down, it has to be humidified. This is accomplished by a humidifier, of which there are
three installation variations. Even though the cell-internal humidifier is the most efficient regarding water and
power consumption [Bral2], MANTA uses a cell-external humidifier, as the scope of this project is time-limited
to the overall-aircraft design level. The main design aspect of all water-related components in the fuel cell system
is the water mass flow. The water mass flow is dependant on air volume, air temperature and the humidity
level to reach. As a result of the pressurization in the compressor and the cooling in the heat exchanger, the
air has a pressure of 2 bar and to 70 °C. The humidity to reach equals 80%-relative, which can be inserted into
the Magnus-formula to calculate the saturation vapor pressure of water [Ver16]:

(4.2)

16.819 - ¢
Esaturation =5.95hPa - €xp <22731630C4-’l9>

The vapor pressure can be used to calculate the partial pressure of water, after which the absolute water mass
is calculated. The water mass flow rate for the given air properties and volumetric flow rate of approximately
7.84m%/s equates to approximately 1.61ks/s. The same formulas can be used to calculate the incoming water at
the flight altitude, however, this results in very minor quantities which match the ICAOs ISA model assuming
dry air. As they are not mass-critical components, sensors and controllers are not explicitly mentioned in this
report, however, their importance is of utmost. As an example, the water system has to be controlled, as a
too-minute amount of water would lead to membrane dehydration, and a too-high amount would lead to water
flooding which would block the gases from the catalyst. For the type of humidifier, there are two considerations:
The first is a mechanical nozzle spray humidifier, and the second a membrane humidifier. While membrane-type
humidifiers are more suited for automobile applications and have a system efficiency, the decision is made on
a nozzle spray humidifier as membrane humidifiers have insufficient humidification performance for high power
applications [Cha+18] [CPO05]. To verify the mathematical calculations on real-world data, a specific model is
selected [Hygl7, HPS].

After the humid air reaches the fuel cell, the cathode-side gets humidified. Following this, the anode-side
is humidified too as the water diffuses through the membrane. Because the anode side is filled with pure
hydrogen, this educt is recirculated into the inflow of the fuel cell. In contrast, the cathode side is filled
mostly with unwanted gases, which have to be discharged out of the system. However, this oxygen-starved
air still has water in it, which has to be separated to be recirculated into the humidifier before the fuel cell.
For this application, there are multiple methods of separation such as a centrifugal water separator and a
water condenser. MANTA uses the centrifugal-type water separator which has low energy consumption and
high separation efficiency. Likewise other components, the water separator is based on practical data [CF 17,
Parker /Hiross Model SFH209]. The last components necessary are a simple water pump and a water tank.
The pump has to move the water from the separator back to the humidifier, while the water tank is placed in
between them, to be a buffer for the start process of the fuel cell system.

4.7. Hydrogen Storage

One of the biggest challenges of hydrogen-powered aircraft is the storage of hydrogen. Even though it only
weighs approximately one-third of kerosene, it requires a four times larger volume in a liquid state for the same
amount of energy. To reach a liquid state, hydrogen has to be cooled down to 20 K which creates the demand
for high thermal insulation along with regular mechanical stresses in pressure vessels. Before it is possible to
calculate the thermal insulation, the size of the tank to be surrounded with has to be calculated first. This size
is dependant on the mass to be stored, the temperature it is stored at, the pressure inside the tank and the
ratio between liquid and gaseous fluid. The mass to be stored is calculated with the combination of the fuel cell
properties and the corresponding flight mission data [Kab21]:

(4.3)

m _ Necell " Nstack * I Aanode - MH2 * Lrotal ( tto Pro tclimb  Pclimb + )
Hy, = . . .

2-F

ttotal Pmax ttotal Pmax

This results in a mass of 1276 kg hydrogen for Mission profile 2 and 666 kg for Mission profile 1.

19



MANTA CHAPTER 4. POWER GENERATION

4.7.1. Mechanical Design

After the mass is calculated, the density has to be specified to calculate the volume. As mentioned above, the
liquefaction at 1bar occurs at 20.23 K. Between the cryogenic fluid and the ambient surroundings there is a
temperature difference of more than 250 K, which leads to boiling the liquid hydrogen back into its gaseous
state. Consequently, the pressure rises inside the tank which is the reason the tank is designed for burst
pressure of 2bar. The design burst pressure is kept at a relatively low value to keep the tank weight low. One
of the characteristics of hydrogen is, that the atoms are so small, that they diffuse inside and out of the tank
walls. To counteract this problem the tank material has to be made out of a metal which leads to significantly
slower permeation [Verl3]. Aside from the metallic property, the tank material has to have a low value of heat
conduction and as usual low weight. Linde, a company specialized in pressure vessels, sells liquid hydrogen tanks
which use Cr-Ni-steel as tank material [Linl3, p.5], however, in the weight-sensitive application in aircraft, steel
and different steel alloys drop out of the selection. Another consideration is titanium as it has roughly half the
density and additionally a much lower heat conductivity. Nevertheless, titanium suffers heavily from hydrogen
embrittlement which makes it also drop out of the selection. Liquid hydrogen has been used for decades in
spacecraft which led to many studies being made on the best hydrogen tank materials by NASA. The material
used in the external tanks of the space shuttle was the aluminium alloy Al-2219 [Nat05]. On the one hand,
aluminium is very resistant to hydrogen permeation and has a low density but on the other hand, it has a
high heat conductivity [Oeh09]. This is not a big problem, as the problems of the other materials, which is the

Table 4.4.: Approximate tank material

Table 4.3.: Tank design parameters Mission 2
comparison [Ranl4] [Don00] [PGW14]

Parameter Value [AWK19] [Conl7]
MTanks 4 Parameter Density  E-Modulus
PBurst 2 bar B
Vitod - 7m3 Cr-Ni-Steel 7500 kg/m? 219 GPa

ydrogen,single . .

Titanium 4500 ke/m> 105 GPa

Voytinder single  20.221 A12219 2825 kg/ms 72 GPa
Viispper single 1.841 Al-Li 2195 2700 ke/ms 78 GPa
Meingle 64.52kg
Mtotal 258.1 kg

reason the MANTAs tanks were first considered to be made out of this alloy. However, after further research
Al-2219 is replaced with Al-Li 2195 which is also used by SpaceX Falcon 9 [Spa07] [bVS07, p.8]. The newer
alloy has increased strength with lower density [MS10] which makes it even more suitable for the MANTA [R
P+91] [Verl3]. Another additional advantage of using a material that is particularly researched for cryotanks
is that the mechanical stress calculation requires the material characteristic properties e.g. e-modulus at those
temperatures [KP15].

After the material is set, the next step is the specification of the tank form. The optimal tank form is of spherical
shape which has to be changed befitting the constraints of the BWB. A very good compromise is to elongate
the form into a cylinder and end it with dished bottoms also known as the Klépperboden. The AD2000, a
regulation for pressure vessels of the German TUV, is used to calculate the necessary wall thickness.

4.7.2. Thermal Design

After the inner shell of the tank is calculated, the next step is the calculation of the outer insulation layer. Iden-
tically to the inner tank, the selection of the material is of utmost importance. The most important properties
to be considered are the density of the material, which will determine the weight, the heat conductivity, which
will determine the heat losses and hydrogen permeability, which might lead to embrittlement [Raj+13]. Insula-
tions to be considered include vacuum insulation, different foam types and aerogels. The aforementioned Linde
company uses powder-filled vacuum insulation which offers near-zero heat conductivity, however, its additional
weight and safety considerations take this form of insulation out of the selection [Linl3]. ”Aerogels offer some
of the lowest reported thermal conductivity values for any solid” but due to its relative novelty among other
insulations, it hasn’t been tested enough to be considered for airborne cryotanks.
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”A major problem with the use of aerogel granule insulation has been
that thermal performance is worse than that of a monolith because of
gas-phase conduction in intergranular regions”[SMB98]. Fortunately
foams are well established, have low costs and have low density. The
notable compromise is that foams have higher heat conductivity rela-
tive to the other options [Verl3, chp.3]. Moreover, the foam has to be
coated with an air impervious layer as air will reach the outer tank wall
and freeze on it. Outside of valid safety problems the frozen air would
compromise the functionality of the thermal insulation. Accordingly to
the establishedness, there is a huge variety of foams from which there
has to be selected. A suitable foam is closed-cell polyurethane, which
offers a heat conductivity of 0.1 W/kn [Bre91, chp.7.4.3.] [Nat77]. After
the insulation material is set, the next step is the calculation of the foam
thickness and subsequently the insulation mass. As figure4.4 shows, the
main purpose of the insulation is to minimize the mass flow going from
liquid hydrogen to gaseous hydrogen. To reduce this symptom, the heat
flow from the environment to the hydrogen has to be minimized. The
design of the thickness is thereby set to achieve a heat flow after which
a relative value of the hydrogen will be evaporated. The boundary con-
straints on the calculations are the heat flow from the environment e.g.

mliq

Figure 4.4.: Thermodynamic tank
model [Dan+19,

fig.3]

Table 4.5.: Thermal tank calculation

a hot day on a hot airport such as Dubai. The design parameter of evap- parameters

oration is set to 5% and the time is set to 12h. Now an iterative loop is Parameter Value
constructed with the isolation thickness as the iteration variable, which Time on ground 12h
will be increased until the evaporated mass is below the design param- Do 50°C
eter of 5%-relative. As a result, a thickness of 15.4cm is calculated. Awall 130 W/mKk
The fuel line calculation is very similar to the tank calculation, as both Ao 0.0137 W/mk
of them have the same material constraints, environment, same fluid 0 35 e/
flowing through them. The main difference is that the size of the tank Piso

is designed for the entire need of hydrogen across whereas the pipes are Isolation thickness 15.4cm
designed for the mass flow required for the fuel cell. Miso,total,empty 890.55 kg

4.7.3. LOX Storage

During the first design considerations of MANTA, a liquid oxygen tank was
considered. This is due to the parasitic power demand of the compressor. If
pure oxygen could be delivered to the fuel cell, it would allow a power boost,
which would be used during power peaks such as the takeoff. The power
boost would cause the downsizing of the compressor and moreover, it would
lower the overall power demand and thereby the hydrogen demand as the
parasitic energy demand of the compressor would be missing. The results
of the initial sizing phase and comparisons with LOX variants are shown in
table D.6. After the considerations of a battery as the APU, the battery and
additional components would be oversized for usage as a power boost parallel
to the fuel cell. As the battery skips the fuel cell, unlike a LOX Tank and the
additional problems of liquid oxygen itself such as the cryogenic temperatures
and acquisition of it pose major disadvantages compared to a battery.

Table 4.6.: Fuel line design

parameters

Parameter Value

Length 25m
PBurst 2 bar
dinner 2.5cm
TMH, 0.21 ke/s
Isolation thickness 15cm
VCylinder,single 20.221
VKleper,single 1.841
Muyall,total 17.97kg
Miso,total 12.98 kg
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4.8. Hydrogen Safety

The switch to hydrogen fuel necessitates a close look at operational safety. Besides chemical problems like the
difference of inflammability, combustion and fire extinguishing, public opinion has to be considered as well. For
the purpose of sustainability the European community majorly funded a project under the name of Cryoplane.
The project was coordinated by Airbus Germany with many partners such as the Hamburg University of
Technology, the German Federal Institute for Materials Research and Testing, Cranfield University, the German
Aerospace Center, Linde AG, Fraunhofer Society and many more. One of the aspects of this project was
hydrogen safety in which the items examined were disk burst, lightning strike, bird strike, emergency landing,
fire protection and fuel system. "The analysis concluded that from a safety point of view there is no fundamental
problem, which would prevent the successful operation of a commercial aircraft running on liquid hydrogen. [...]
In general terms, the conclusion is that Hydrogen poses its specific safety aspects to be considered in design
and operation. However, the overall safety level will not be worse than for kerosene aircraft.”[CORO03, sec.4.5]
According to these results the tank and propeller positions are constrained to not overlap. The tank area and
the cabin area are two completely separated spaces. The tanks have build-in pressure release valves, in case the
tank area is breached and suffers a pressure loss which could lead to too-high mechanical stress. According to
this scenario, a sensor would measure an irregular pressure change in the tank and open a flap to disperse the
gaseous hydrogen into the atmosphere and close after the tanks have reached a non-critical pressure level.

4.9. Airport infrastructure

The feasibility of hydrogen aviation is dependant on the fuel supply which has to be integrated into airports.
The supply requirement can be split into the distribution and the storage of hydrogen. The storage of hydrogen
in airports can be realized similarly to the aforementioned long-term storage Linde AG tanks. Those will ensure
minimal evaporation losses, however, the main problem is how the liquid hydrogen is supplied to those long-term
tanks. The distribution options can be differentiated between internal to the airport and external hydrogen
production. Should a large hub be close to a large enough water source it would be beneficial to create an on-site
hydrogen production, as that would eliminate transportation costs. The more common option will be external
hydrogen production which can be further differentiated into liquid or gaseous hydrogen transportation. An
external large-scale liquefaction with current standards is able to produce 25t/day LHy [Carl8]. Should the
hydrogen be delivered in a gaseous-state there would have to be an internal liquefaction plant [Ver09, sec.A4].
For this exact purpose, a competition under the name Hy HUB AIRPORT was held by Airbus, Air France-
KLM, the Ile-de-France Region, and others for companies to apply and undertake parts of the hydrogen supply
chain [Cho21]. The eleven winners include Air Liquide, which has developed a refueling truck with a large liquid
hydrogen capacity, Geostock, who are specialized in underground energy storage solutions, and Hydrogen for
Airport Handling, which designed hydrogen-powered ramp vehicles.
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5.1. Flight Emissions

One of the main advantages of hydrogen fuel is the elimination of the pollutants, which are emitted in conven-
tional aircraft engines such as SO,, NO,, CO, CO3 and other unburned hydrocarbons. The only substances
emitted from an electrochemical-powered aircraft are HoO and oxygen-depleted air. HyO is a greenhouse gas
comparable to COq, but a key difference is the residence time in the atmosphere which is around 100 years up
to thousands of years for CO5 and only a couple of weeks up to 9 months for HoO[NDNO09, Fig.5]. For this
reason, water vapor is generally considered harmless, however, this only holds true if the water vapor is not
emitted in the upper stratosphere or above [MJE04, Sec.6.4.2]. The stratosphere starts at 8km at the poles
and at 18km at the equator [Lab99]. The emitted water vapor causes two effects: the first is an increase in
the radiative forcing and the second is the formation of contrail. The change in radiative forcing is negligibly
small [NDN09, Fig.9], while the consequences of the contrails are more complex and are under ongoing research.
An up-to-date view on this matter is published by the DLR under the umbrella of the EXACT project, which
gives an explanation to contrail formation and subsequent climate impact. The author states that the water
emitted by a fuel cell-powered aircraft causes contrails much easier than a jet engine-powered one. This is
caused by differences in exhaust temperature and emitted water amount. Apart from the ease in creation, the
fuel cell-created contrails will mostly be short and "not have any noticeable impact on weather and climate”.
However, the author concludes his assessment with a statement that the theoretical work has to be verified
by numerical experiments and research flights [Gie21, pp.164-165]. For those reasons, MANTA cruises at 6 km
where the potential consequences are expected to be greatly reduced.

5.2. Cost Analysis

This section provides a life cycle assessment of the MANTA aircraft concept. The aim is to assess its economic
benefits and commercial viability, given that the airlines and manufacturers are profit-oriented entities. A novel
concept such as MANTA which is a hydrogen fueled aircraft would require a significant amount of investment
to reach from a preliminary design stage to that of commercial use. Life cycle cost (LCC) concerns with the
overall cost of a product from its inception up to disposal. Apart from the acquisition cost, the direct operating
cost (DOC) and the indirect operating cost (IOC) are the major components that are included in the LCC.
The DOC is directly based on aircraft characteristics and type whereas the IOC is more dependent on other
factors such as the airline’s strategies. Within the framework of this report, the focus lies on the life cycle
evaluation of hydrogen fuel-based aviation and the costs from the airliner operator perspective which include
the acquisition cost as well as the operation and maintenance costs. The direct operating costs consider fuel,
maintenance, crew salary, depreciation, insurance, etc. Using conventional methods, an initial prediction of costs
can be made based on assumed values. Following the initial sizing section 3.1 and the established performance
characteristics of the aircraft, the development cost and DOC are determined using the DAPCA (Development
and Procurement Costs of Aircraft Model) IV Model described in [Gud13]. The calculations are performed
based on the expected weight of the bare air-frame and maximum level airspeed. The table below outlines the
components considered in development costs and provides the total costs obtained.

The values stated in the table are obtained under the assumption that the pressurized aircraft to be certified
under the 14 CFR Part 23 and will feature a tapered wing with a simple flap system. It can be assumed that
the aircraft concept will largely constitute composites in its construction. The entire cost estimation indicates
a minimum selling price of at least $162M. Each element of the cost will be reduced using the learning curve,
which implies that the manufacturing cost of an aircraft will reduce as more experience is gained. The aircraft
concept is targeted to enter service in 2035. Considering an inflation rate of 3%, the minimum selling price of
the aircraft is estimated to be $230M.

Following the same calculation model, the direct operating costs are estimated and an hourly cost of about
$8100 is computed, assuming 3000 flights per year. The assumed number of flights per year is determined based
on the mission duration and while taking into account maintenance periods, night flying restrictions, time for
route planning etc. The cost accounts for maintenance, engine overhaul, storage, load repayment, fuel costs, and
crew costs. The annual loan repayment costs are included assuming that the aircraft is partially funded through
financial institutes and paid out over a duration of 20 years. This is accounted for using the standard mortgage
formula. As the aircraft is hydrogen-fueled, the fuel costs are estimated by assuming the specific fuel price of
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Figure 5.1.: Development Costs Figure 5.2.: Direct Operating Costs

Parameter Cost per Unit [million USD] Paramotor Cost per year [USD]
Engineerin 9.500 .
& & Maintenance 76 380
Development Support 0.470
Flight Test operations 0.088 Storage 12000
& P Annual Fuel 8046 000
Tooling 2.520
. . Crew 960000
Certification 12.578
. Annual Insurance 2300000
Manufacturing labor 10.000 .
. Annual Inspection 15000
Quality Control 1.820 .
: . Engine Overhaul Fund 60000
Materials/Equipment 0.980
. Annual Loan Payment 12887000
Propulsion System 140.000 Total vearly cost 94340 000
Avionics 0.620 yeary
Cost per Flight Hour 8115 $/h
Total Cost to Produce 162.24 P & 8/

hydrogen fuel of $6/kg [Cou20]. Typically fuel costs account for about 30% of total direct operating costs. The
fuel cost here encapsulates all costs to produce the fuel and the required infrastructure for distributing, storing,
and refueling the airplanes. Given the current cost of hydrogen technology and limited infrastructure, it cannot
compete against conventional alternatives for the cost of similar payload capacities. However, hydrogen fuel
prices are predicted to lower significantly in the coming years as production technology and infrastructure for
liquid hydrogen fuel improves and becomes more accessible. Total maintenance costs might rise due to larger
airframes owed to the LHy tanks in the initial years of introducing such novel concepts. In the long term,
however, the maintenance cost will decrease. Other costs such as increased airport and Air Traffic Control
(ATC) fees due to increased take-off weight. Assuming an increase in refueling time for a hydrogen-powered
aircraft, the turnaround time would increase, which would imply fewer flight cycles. By 2035 however, there
would likely be better hydrogen supply infrastructure in place. Refueling trucks carrying LH, are also a viable
option. At scale by 2035, the cost of LHy may be as low as $2.60 to $3.50 per kilogram. The cost difference
between the envisioned hydrogen-fueled aircraft concept and a conventional aircraft could then substantially
reduce for short-range flights. [JJ20] The most important benefit of hydrogen fuel is that it is carbon neutral.
The use of hydrogen fuel cells produces only water vapor. This makes hydrogen favorable from an ecological
point of view and in the future, the economic benefits of the same are foreseeable as such novel concepts can
potentially allow airliners to pay decreased emission taxes. The cost model used here does not include climate
impact abatement costs. The overall environmental benefit and the argument of hydrogen fuel being carbon
neutral however depends on the method of production. Catalytic gas reforming, high-temperature pyrolysis,
and water electrolysis are widely used methods for hydrogen fuel production. Out of all water electrolysis is
considered to have the lowest carbon footprint. Its carbon footprint strongly depends on the source of electricity.
The cost assessment in [JJ20] shows that in the years leading up to the complete availability of hydrogen fuel
supply system and infrastructure, the costs per flight and carbon abatement costs will be higher, as this
novel concept would necessitate new aircraft designs and infrastructure. Assuming that hydrogen propulsion
is adopted widely, the abatement costs for a short-range mission of 2000 km could be as low as $70 to $130
per ton of COs-equivalent in the next two decades. By the time MANTA enters service, new advancements in
production technology will allow for better efficiency and reduced carbon footprint along the fuel production
chain and operational phase, hence further reducing the costs.

5.3. Sustainability

The global aviation industry accounts for around 2% of all human-induced carbon emissions [Gro20]. To meet
the ambitious goal of reaching carbon neutrality by 2050, the air transport industry is adapting sustainable
initiatives at all levels. Aerodynamic changes to design fuel-efficient airframes, efficient engine design, use of
lighter materials, innovative production processes, and use of alternative fuels are some ways the industry is
trying to achieve further operational efficiency. Hydrogen is gaining serious traction as an alternative fuel source.
The use of hydrogen fuel cells eliminates CO5, CO, NO,, SO, and the majority of soot emissions. Water vapor is
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however still emitted hence contributing to the rising greenhouse gases level in the atmosphere.[JJ20] estimates
that hydrogen combustion could reduce climate impact in-flight by 50-75%, and with fuel-cell technology by
75-90%. As mentioned earlier, compared to kerosene, hydrogen has a higher energy density, however, its
higher volume requires larger tanks onboard the aircraft. In contrast to conventional Tube-and Wing (TAW)
configuration, a BWB configuration offers more design flexibility to incorporate the large storage tanks required
for the hydrogen fuel as well as to incorporate the fuel cell system. Alternative aircraft designs have also been
studied over the years in an effort to reduce the climate impact. BWB configuration offers a higher aerodynamic
efficiency by integrating the propulsion system, wings, and the body into a lifting body configuration hence
reducing noise emission and fuel burn when compared to the classic TAW configuration [Dsol2]. Hence it can
be considered more environmentally sustainable due to the performance advantages. MANTA is designed to be a
BWB configuration and has a lift-to-drag ratio of 24.7. This high ratio implies an improved overall fuel efficiency.
Depleting resources, rising global temperatures and growing societal awareness for climate change has increased
the importance of environmental sustainability which leads to increased regulatory measures being imposed on
flights. Efficient aircraft designs that bring about a reduction in fuel burn and choice of sustainable aviation
fuels result in minimized emission pro passenger and hence a greater acceptance of such novel technologies.
MANTA is designed while taking these challenges and the sustainability goals into consideration.

6. Feasibility and Conclusions

The challenge of designing a modern hydrogen-powered aircraft is achieved through the combination of innova-
tive strategies and modern technologies. The use of a BWB design has the advantages of improved aerodynamic
characteristics as seen in section 3.3 and the use of internal volume for the storage of the liquid hydrogen tanks.
The limitations of a BWB design such as the lack of windows and the evacuation in case of emergency were
effectively overcome in MANTA as described in section 3.2. The cabin of MANTA provides the passengers with
all the comfort expected from a modern first-class aircraft. The use of recycled material on the cabin inside
panels also contributes to the green innovation of MANTA. Looking at the operational side, the estimated devel-
opment and operational costs were derived while taking into consideration all the relevant parameters and new
technologies used in the design. The obtained costs provide an insight into the feasibility of the novel concept.
The main focus of the design was the energy generation required to power the cabin electrical components and
mainly the propulsion system by a PEMFC. The drive train was explained in great detail to show the feasibility
of hydrogen powered aircraft and to outline a possible carbon-free future for aviation.
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Appendices

A. Cabin Dimensions

Table A.1.: BC Class Cabin Dimensions Table A.2.: EC Class Cabin Dimensions

Description Value Unit Description Value Unit
Cabin Diameter 3.060 m Cabin Diameter 6.196 m
Cabin Height 220 m Cabin Height 220 m
Cabin Length 6.14 m Floor Width 6.096 m
Floor Width 343 m Cabin Length 16.19 m
Passenger 16 - Passenger 134 -
Crew 1 - Crew 3 -
Number of Aisle 1 - Number of Aisle 2 -
Aisle Width 0.508 m Aisle Width 0.508 m
Aisle Height 2.2 m Aisle Height 22 m
Seat Pitch 143 m Seat Pitch 0.889 m
Seat Width 0.61 m Seat Width 0.508 m
Seat Height 1.19 m Seat Height 119 m
Arm Rest Height 0.65 m Arm Rest Height 0.65 m
Wall Thickness 0.09 m Wall Thickness 009 m
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B. Passenger Simulation Parameters

Table B.3.: Passenger Load used in the simulation [Sta20]

Profile  Percentage[%] 150 PAX Female Male

Age 20-29 20 30 14 16
Age 30-39 24 36 17 16
Age 40-49 21 32 15 16
Age 50-59 17 25 12 13
Age 60-69 10 15 7 8
Age 70-79 5 8 4 4
Age 80-89 3 5 3 2

* 48% passengers are female

Table B.4.: Passenger walking speed raw date [Crol9]

Profile Mean speed[m/s] ~Standard deviation[m/s] Maximum speed [m/s] Minimum speed [m/s]
20-29 Male 1.36 0.196 1.752 0.968
20-29 Female 1.34 0.211 1.762 0.918
30-39 Male 1.43 0.205 1.84 1.02
30-39 Female 1.34 0.213 1.766 0.914
40-49 Male 1.43 0.229 1.888 0.972
40-49 Female 1.39 0.151 1.692 1.088
50-59 Male 1.43 0.164 1.758 1.102
50-59 Female 1.31 0.158 1.626 0.994
60-69 Male 1.34 0.094 1.528 1.152
60-69 Female 1.24 0.127 1.494 0.986
70-79 Male 1.26 0.153 1.566 0.954
70-79 Female 1.13 0.175 1.48 0.78
80-89 Male 0.97 0.1 1.17 0.77
80-89 Female 0.94 0.1 1.14 0.74

Table B.5.: Passenger walking speed calculated date in simulation

Mean speed[m/s] Standard deviation[m/s] Maximum speed [m/s] Minimum speed [™/s]

0.937 0.178 1.187 0.686




C. Geometric Parameters

O~

36,00 m

5300 m

Figure C.1.: Top View






Miscellaneous

D.

Table D.6.: Initial sizing comparison between flight levels and LOX tank integration
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Table D.7.: Heat Exchanger geometric assumption [CW97]

Parameter Value Description

htube 0.275m  Tube height

btube 0.0lm Tube width

tiube 0.00032m  Tube wall thickness
hgn 0.012m  Fin height

tan 0.000075m  Fin thickness
pitchg, 0.0015m Fin offset

0 20° Fin angle

pitchygver 0.00225m  Fin cut offset
llouver 0.0095m  Fin cut length

Figure D.3.: MANTA Take Off



Figure D.4.: MANTA in flight

Figure D.5.. MANTA BWB
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