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Abstract

Hydrogen Fuel Cell Aircraft for Regional Travel

CHRISTIAN SVENSSON

Division of Fluid Dynamics, Department of Mechanics and Maritime Sciences
Chalmers University of Technology

With ever increasing travel demand, with some projections estimating a two-fold
increase of passenger volume in 2050, the efficiency gains made in conventional
aircraft designs are simply not keeping up with the pace of increasing emissions. A
possible way to de-carbonize regional air travel is through the use of fuel cell aircraft,
which are electric aircraft with liquid hydrogen as its energy-carrier.

Hydrogen carries roughly three times the energy per mass compared to conven-
tional jet-fuel, but is of much lower density and therefore needs large storage volumes.
The liquid hydrogen is a cryogenic, and therefore requires specialized insulated
pressure vessels, which adds weight. Additionally, due to the low system specific
power of fuel cells, the total aircraft weight will increase compared to a turboprop
counterpart. On the flip-side, a fuel cell system has a comparatively high efficiency,
and can therefore offset the negative performance aspects brought on by the system.

In this thesis, methods for conceptually designing and simulating the mission
performance of regional fuel cell aircraft are presented. These produce representative
airframes and propulsive systems that then can be used for studying the aircraft’s
performance, in areas such as the impact of choices made in the cryogenic storage
design.

In the first appended paper, a regional fuel cell aircraft was sized for Nordic
market requirements and its cryogenic storage evaluated in two different types of flight
operation. For the conventional design mission, a tank with moderate ventilation
pressure and high insulation layer count struck the best balance between weight and
boil-off losses. For the return-without-refuel mission, the tank with a high ventilation
pressure and high insulation count minimized boil-off losses and outperformed the
lighter tanks for groundhold times in excess of 2 hours.

The second paper covers the integration of sizing and mission methods into
SUAVE. This includes a routine for sizing the cooling system using a conceptual design
heat-exchanger code. Additionally, the procedure for performing redesigns of existing
turboprop aircraft is described. An ATR 42 is redesigned for fuel cell propulsion
which requires airframe resizing due to increased weight and the cryostorage. For 6 m?
of fuel the take-off weight increased by 6% and exhibits a 5.5% MAC centre-of-gravity
shift between full and empty conditions.

Keywords: conceptual aircraft design, liquid hydrogen, proton-exchange membrane
fuel cell, cryogenic storage, short-range, regional
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Introductory Chapters






Chapter 1

Introduction

1.1 Background

The commercial aviation industry is today a mainstay of modern life, with air
transport enabling commerce, business and cultural exchange to occur at a truly
global scale. To fully understand the scale of the business, it was estimated in
2019 that $876 billion was spent globally on air transport, with the airline industry
employing 2.93 million people worldwide [1]. Since the introduction of commercial
air travel in the 1950’s, yearly passenger volumes have grown from a few million to
roughly 4.5 billion in 2019 [2]. It is estimated that by 2050, this number will have
more than doubled [3].

Commercial aviation was also responsible for 2.5% of global CO, emissions
in 2019 [4]. This comes at a time when developments in engine, material and
aerodynamic technology have made today’s aircraft highly efficient in terms of fuel
burn. For perspective, a state-of-the-art aircraft like the Airbus A320neo consumes
roughly 77% less fuel per passenger compared to a Boeing 707 which was introduced
in the dawn of the jet-era [5]. Small improvements are consistently introduced with
each new turbofan or aircraft type, but the rate of improvement has slowed down as
the technologies have reached a high level of maturity. The incremental efficiency
gains coupled with the expected growth in passenger volumes makes for a situation
incompatible with reaching net-zero global climate impact within the industry. To
address this, alternative fuels and propulsion types are needed.

In the future, an airline’s fleet is likely to use aircraft of different fuels and
propulsion types. The medium to long haul market can be covered by turbofan
aircraft either combusting hydrogen or Sustainable Aviation Fuel (SAF). These
aircraft will be similar to the aircraft of today, with slight modifications to enable the
use of the new fuels. For the longest haul flights, SAF is expected to be the viable
alternative in the near future, as the hydrogen storage is relative heavy and very
voluminous [5]. Aircraft with battery electric propulsion is an attractive option for
short-haul flights, with its zero in-flight emissions, but due to limitations in current
battery energy densities, it is limited to short-range flights under 230 NM [6]. The
gap in-between the battery electric and hydrogen combustion aircraft can then be
bridged by hydrogen fuel cell electric aircraft, which offers a better energy density
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than the battery electric aircraft at a minimal climate impact. A proposed future
airline fleet can be seen in Figure 1.1, where all of the above mentioned propulsion

types are included.
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Figure 1.1: Proposed future share of propulsion types departing from a global
airport. Cumulative line charts of COg emissions and number of departing flights

(data from Schiphol airport in 2018). Reproduced from [7].

1.2 Hydrogen in aviation

Research into hydrogen-fueled aircraft began more than half a century ago, and
has been motivated by military, geopolitical and environmental aspects. One of
the first research projects into hydrogen-powered flight was conducted by NACA
(pre-cursor to NASA) in the 1950s. The military’s desire to fly further, faster and
higher demanded an alternative fuel with a greater heating value than the then
standard JP-4 jet fuel. In a technical memorandum from 1955 on the subject of
using liquid hydrogen (LHjy) for high-altitude aircraft [8], Silverstein and Hall hinted
at one of the main success criteria for the introduction of hydrogen-powered flight:

“This increase in relative aircraft storage volume without sacrifice in aerodynamic
efficiency provides the key to the successful exploitation of the high heating value per

pound of the low-density liquid hydrogen.”.

A cornerstone of hydrogen aircraft research is the collection of studies conducted
by the Lockheed corporation during the oil-crisis in the 1970s. The research was
compiled by Lockheed engineer Daniel G. Brewer into a classical text book on
the subject [9]. In the research, two subsonic passenger transport aircraft were
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conceptually designed — a 130 PAX short-range model, and a 400 PAX long-range
model. In addition to the conceptual design of the aircraft at a full-system level,
design concepts were proposed for sub-systems, such as the hydrogen tanks and
refueling system. Both types were designed for a cruise Mach number of 0.85, and
had the hydrogen storage both forward and aft of the fuselage. For the short-range
aircraft, an increase of 3% was noted for the empty weight, but an 11% decrease
in gross weight. This is common for hydrogen aircraft, where the fuel itself is
light due to a better mass specific energy, but is penalized by the need of heavy
insulated pressure vessels for containing the fuel (in contrast to storing conventional
jet fuel inside the wings). Due to the extra volume needed for housing the hydrogen
storage, wetted-area increased which caused an 18% drop in aerodynamic efficiency
(lift-to-drag ratio) at cruise.

A more modern attempt at studying the technical feasibility of hydrogen trans-
port aircraft is the European Union-funded Cryoplane project [10, 11], which was
undertaken in the early 2000s. Similar to the work of Lockheed, a comprehensive
study was made on aircraft concepts, fuel system design, safety aspects and economic
feasibility. In terms of aircraft concepts, both conventional "minimum risk" (e.g.
tube-and-wing planform) and unconventional (e.g. blended-wing-body planform)
designs were explored. All aircraft sizes expected in a typical airline fleet were
considered, including a small regional and a regional propeller aircraft. Interestingly
the empty weight fraction (OEW/MTOW) was practically at a constant value of 0.68
for all types. The Maximum Take-off Weight (MTOW) per passenger nautical mile
increased by 0.3% for the small regional and 4.4% for the regional propeller. The
energy consumption per passenger nautical mile increased with 14% for both concepts.
It was concluded in the project that while commercially operating a hydrogen aircraft
was technically feasible, several obstacles remained, mainly economical. Hydrogen as
an aviation fuel was deemed not economically competitive with conventional jet-fuel,
and would instead require "some drastic political event or action" in order to bring
on transition.

It is seen in general that the energy consumption for hydrogen aircraft is expected
to be higher than that of their kerosene counterparts, mainly due to increased wetted
area and weight, both contributing to increased aerodynamic drag. Here, it should be
noted that for advanced tank technology, hydrogen aircraft may actually get lighter
at take-off, despite their generally higher energy need. This is due to the much higher
energy content per kg for hydrogen [12] as compared to its Jet A counterpart. The
generally observed higher energy need makes the case for transitioning to hydrogen
challenging, as 2020 estimates put LHy at 4-6 times the price per energy content
of kerosene in Europe [13]. Furthermore, it is expected that there will be a large
disparity of LHy prices between small and large airports in the future, with year
2050 projections estimating LHy being 110% more expensive than kerosene at small
airports and 56% at large airports [14]. If no major technical leaps are made, either
by large improvements to existing designs, or by radically altering the state-of-the-
art [15], the energy consumed by this type of aircraft will be increased. If changing
the airframe layout radically is deemed too high of a risk, an option could be to
switch to electric propulsion. As batteries suffer from extremely low energy densities,
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fuel cell based electric propulsion becomes the most attractive option.

1.3 Fuel cell aircraft

Fuel cell propulsion using LH, is a promising option for reducing the climate impact
of aviation in the regional segment. This market segment represents a substantial
portion of the global fleet emissions, with estimates putting flights under 2000 km
responsible for a third of COq emissions [16]. This is a result of the large amount
of flights made within this segment, and that regional aircraft’s CO, intensity (kg
of CO5 per passenger kilometer) is estimated to be 80% higher when compared to
narrow and wide body aircraft [16]. A reason for this difference in CO, intensity is
thought to be due to more research efforts going into larger aircraft, e.g. turbofan
single-aisle types. It is therefore motivated to use hydrogen fuel cells within regional
class flights, many of which are served by turboprop aircraft such as the ATR 42,
ATR 72 and Dash-8. As current proton-exchange membrane fuel cell (PEMFC)
propulsion systems are in the range of 1.5 kW /kg at a system level [17], the system is
relatively heavy when comparing to turbine-based powerplants such as a turboprop
engine (PW127 family of engines’ specific power is around 4 kW /kg [18]). The
promising aspect of fuel cell systems is then its much greater system efficiency,
which for larger systems are in the order of 45-60% [19] compared to a conventional
turboprop’s range of 20-30% [19].

In the case of a powering a regional turboprop aircraft on hydrogen fuel cells, such
as an ATR 42, the turboprop engine is replaced with an electric motor, which rotates
the propeller. The needed electrical power is produced by running a fuel cell system,
which uses gaseous hydrogen and oxygen in its reaction to produce electricity. The
oxygen is extracted from the freestream air, while the hydrogen is stored on-board
in tanks.

A single fuel cell is not enough for most applications, especially aircraft which
need useful power outputs in the order of megawatts. Therefore multiple fuel cells
are connected in series into so-called stacks. In addition to the actual fuel cells,
the system has auxiliary systems which are needed to sustain the process, and are
referred to as Balance-of-Plant (BoP) components. They are responsible for air
supply, hydrogen supply, heat rejection among other things which all help to sustain
the electro-chemical process. A more detailed walk-through of the fuel cell propulsive
system is made in Chapter 2.

The hydrogen is most commonly stored cryogenically to maximize the gravimetric
density and require insulated pressure vessels to have allowance for boil-off-induced
pressure rise. It is then pumped and heated in order to enter the fuel cell in a
gaseous phase at the right temperature and pressure. The tanks are usually filled at
pressures slightly higher than sea-level, and will permit a maximum internal pressure
of around 2-5 bar. More details on tank design and hydrogen boil-off mitigation is
detailed in Chapter 3.

The lowest risk option for integrating hydrogen fuel cell propulsion into regional
aircraft is to perform a retrofit, whereby an existing airframe is fitted with new
nacelles, housing an electrical motor and fuel cell system, and accommodating the
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hydrogen tanks inside the fuselage. For a regional aircraft the tanks can be placed in
the aft of the fuselage, as the fuel mass is in the order of a few percent of the total
weight, and therefore does not cause excessive in-flight shift of the centre-of-gravity
(CoG) (see Paper 2). As the tanks take up significant volume, the seating capacity
of an retrofit is reduced in order to accommodate this. Another option is to perform
a redesign, where you build a new airframe based on an existing design. This could
involve stretching the fuselage in order to accommodate the tanks without sacrificing
the cabin size.

1.3.1 Demonstrator flights

There have been several manned flights using fuel cell propulsion, both from small and
larger regional-sized aircraft. In 2008 Boeing successfully flew a converted Diamond
HK36 Super Dimona two-seat motor-glider to a cruising altitude of roughly 1000 m
above sea-level using a battery-fuel cell hybrid system [20]. Once at cruising altitude,
the batteries were disconnected and power was then solely provided by the PEMFC
system. The original MTOW was 770 kg, which was increased with 100 kg after the
propulsion system swap. The PEMFC system had a gross maximum power output
of 24 kW, and was fed with hydrogen from a 350 bar high-pressure tank.

In 2016 the German Aerospace Center (DLR) performed the maiden flight of
the HY4 aircraft [21]. Tt is a four-seat aircraft, consisting of two fuselages, with the
nacelle and propulsion system located in-between. The single electrical motor had a
maximum power output of 80 kW, which was like Boeing’s demonstrator powered by
a battery-fuel cell power source. In 2023 the gaseous high-pressure hydrogen storage
was switched out and successfully flew using liquid hydrogen storage [22].

For regional-sized demonstrators there have been flights made by two hydrogen
aircraft manufacturers. In 2023 Universal Hydrogen completed ts first flight of a fuel
cell converted Dash 8-300, where one of the two turboprops was switched out for a
fuel cell propulsion system [23]. The company is now defunct, but was in the midst
of developing conversion kits for the Dash-8 and ATR 72 aircraft. This involved a
modular liquid hydrogen tanks, not dissimilar from cargo containers already in use
in aircraft. The company also was able to test a megawatt-level fuel cell propulsion
system in a ground test-rig in 2024 [24].

ZeroAvia is a company developing fuel cell propulsion systems and has performed
several flights with a 19 passenger Dornier 228 [25], with the maiden flight in 2023.
One of the turboprops was swapped for the company’s 600 kW ZA-600 powertrain [26].
The company is also developing the 2-5 MW ZA-2000 powertrain [19], intended for
regional turboprop-style aircraft in the 40 to 80 passenger range.






Chapter 2

Fuel cell propulsion

2.1 Operating principle

A fuel cell is a electrochemical device which is able to convert chemically stored
energy into electrical energy. A modern PEMFC system does this by feeding gaseous
hydrogen into the anode section of the cell, where a catalyst causes the hydrogen to
split into a positively charged ion (proton) and a free electron. The proton is then
able to pass through a membrane to the cathode side. The free electron is forced to
travel through an electric circuit to the cathode side, at which the positively charged
hydrogen, oxygen (usually from air) and free electron combine to form water, as seen
in Equation 2.1.

1
Hy + 3 Oy — H,0 + heat (2.1)

The water-forming reaction is exothermic, and therefore energy is released. This
heat of reaction amounts to the enthalpy difference between forming the products
and reactants. Using the higher-heating-value (HHV) of hydrogen, which is the
correct caloric value when considering a low-temperature PEMFC (LT-PEMFC),
the heat of reaction released in Equation 2.1 for a 80°C PEMFC amounts to
—A h = 286 kJ/mole [27]. The ideal reversible voltage E}, is found using Nernst’s
relation,

Ah
N-F
where F'is Faraday’s constant and N the number of electrons released by the anode
half-reaction. At 80°C Ej, corresponds to 1.472 V [27].

Due to losses it is not possible to convert the entirety of the energy released into
useful work. By subtracting the losses due to entropy generation, we get Gibbs free
energy Ag, which is then a measure of the theoretical maximum energy which can
be extracted from the reaction. Using Nernst’s equation again, the true reversible
cell voltage becomes,

B, = (2.2)

B =-9 (2.3)
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which corresponds to 1.180 V at 80°C [27]. The ideal thermodynamic efficiency can
then be calculated as

E. 1.180
i =—=—"—-=08=80% . 2.4
TR, T 1472 % (2:4)
In reality this is not achievable, due to losses in the reaction and transport of

current.

2.1.1 Cell characteristics

A fuel cell chemistry can be characterized by its voltage V..; [V] as a function of the
input current density 7 [A/cm?]. This is known as the fuel cell’s polarization curve,
and is used for defining the cell’s efficiency 7. and power density pe [W/cm?],
as well as for sizing the active area Ay [cmz] to achieve the wanted stack-level
performance. Figure 2.1 illustrates a modern LT-PEMFC chemistry [27].

0.8}
= I |
3 07 :
=~ I 1
0.6} —
0 0.5 1 15 2

i [A/cm?]

Figure 2.1: Cell voltage as a function of input current density. Modern PEMFC
operating at 2.5 bar [27].

As seen in Figure 2.1, the actual cell voltage is the true reversible cell voltage
minus three losses

‘/cell = Er — Nact — MNohm — Necone - (25)

The activation loss (1,.) relates to the overpotential needed in order to overcome
the activation energy, which is the energy needed for the charged particle to pass
through the electrical double layer (EDL) (a layer of varying charge) at the electrode
surface. The loss is prominent at low currents, as a large portion of the particle’s
energy will go into overcoming this energy, which as a result slows down the rate of
reaction. At higher current the loss is practically linear, with it slowly increasing
with current.
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The ohmic losses (7onm) are due to resistance in the electron and ion transport,
which occur in the electrodes and the circuit connecting them. As it follows Ohm’s
law, it is directly proportional to the input current.

The concentration losses (7eone) are caused by an imbalance between the the
consumption and supply of the fuel/oxidizer at the electrode. The loss increases
quickly at higher currents and will determine the point of highest possible current.

With the voltage-current density relation defined, the power density can be
characterized. As is seen in Figure 2.2, there is an maxima to the power density
curve. As it is the power produced per active cell area, sizing the fuel cell system so
that the maximum power coincides with this point will yield the smallest required
cell area, and therefore lightest possible fuel cell stack.

1.2

1

pcell[w/cmZ]
(@)
D
L L L L L L L B L L

0 0.5 1 1.5
i [A/cm?]

o J O A R

Figure 2.2: Power density as a function of input current density. Modern PEMFC
operating at 2.5 bar [27].

As was mentioned in the previous section, the theoretical thermodynamic efficiency
of the fuel cell was 80%. With the real losses defined, the true cell efficiency can be

defined as
Veenl

Ep

Neell = (26)

When plotting the cell efficiency for the range of input current densities, as seen
in Figure 2.3, it is clearly observed that a fuel cell will deliver power most efficiently
at lower loads. In order to maximize the efficiency during operation, the stack should
then be sized for higher power levels than what is actually required during operation,
so that the operating point for peak power occurs at the fuel cell’s most efficient.

It is clear from the polarization curve that there are many ways to size the fuel
cell system. Sizing for max power density will yield the lowest overall area and
therefore mass and volume, but is on the other hand not in the most efficient range.
Sizing for lower input currents will yield a more efficient system, but requires the
system to be over-dimensioned, which carries a mass and volume penalty.
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0.6 :
0.55 | |
_ 05 ]
S i ]
0.45 | .
0.4 |
L \ | \ ]
0 0.5 1 1.5 2

i [A/cm?]

Figure 2.3: Cell efficiency as a function of input current density. Modern PEMFC
operating at 2.5 bar [27].

2.2  Multi-stack design

In order to develop an appropriate system voltage, multiple fuel cells have to be
connected in series. The number of cells per stack is then directly related to the
system voltage,

V= Ncells,stack‘/cell (27)

where Neeiis stack 18 the number of cells in a stack. This solves the voltage part of the
sizing, but might not deliver enough power for the given application. By connecting
multiple of these stacks in parallel, we maintain the voltage set by one stack, but get
the combined power of all stacks. The power produced by one fuel cell (P [W]) is
determined by the power density and active area

Peet = peettAcett = (1Veett) Acenr - (2.8)
The total power produced by a single stack is then,

Pstack - Ncells,stackzpcell (29)

and the total system power
P = Nstackspstack: (210)

where Ngqers are the number of stacks connected in parallel in multi-stack configura-
tion.

It is now possible for a given sizing point ([ip, Veen,p]), desired maximum total
system power (Pp) and voltage (Vp) to size the multi-stack. A principal illustration
of a multi-stack (without the BoP) is shown in Figure 2.4. The length of the stack is
naturally dictated by the total effective thickness of one fuel cell, but is also very
much controlled by the design choice of cell’s and total system voltage at the design
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point. The width and height of a single stack roughly follow the active area of the
cells, which can be controlled with varying the amount of stacks in the multi-stack.

Ncells, stack

N, stacks

Figure 2.4: Tllustration of multi-stack configuration.

2.3 Balance-of-Plant

The balance-of-plant includes any component which is essential in sustaining the
fuel cell’s operation. The components can be grouped into systems such as the
fuel supply, air supply, thermal management, water management and power control.
Some of these systems are parasitic power losses, such as the air compressor, while a
turbine in the fuel cell system’s exhaust can recover some small amounts of power.
Other systems such as the fuel storage are passive or at least do not consume any
significant amounts of power. Nevertheless, the BoP causes extra drag to the aircraft
as it takes up volume and adds weight to the system. Some components such as the
heat-exchanger for the cooling system can cause significant increases in drag as it
interacts with a large area of incoming air and will itself cause loss of total pressure
thereby momentum drag.

The total power produced by the fuel cell multi-stack has to provide both the
propulsive power needed for the electric motor as well as the power drawn by the
BoP. The total power produced by the fuel cell system is then

P = Pyrop + Pporp = kBor Pprop - (2.11)

The BoP’s share of the total system varies with the thrust and ambient conditions.
Furthermore, the a BoP component’s share of the total BoP power will also vary. As
an example, take-off in a warm climate will require large amounts of heat rejection
due to high propulsive power, which is made difficult by the low dynamic pressure
and high ambient temperature. This is the operating point for which the cooling
will draw maximum power. But due to the ambient static pressure on-ground, the
compressor will not work at full capacity to boost the inlet pressure to the needed
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fuel cell stack pressure. Conversely, in cruise conditions the total pressure is roughly
half of that at beginning of take-off, which requires more compressor power. But at
this altitude there might be an ambient temperature 60 to 70 degrees lower than
that of a hot-takeoff, which strains the cooling system much less. It is difficult to get
around the need of active air compression due to the ambient air density decreasing
with increased altitude. On the topic of cooling there are several things that can be
done to remedy the problem. One of them is to switch to high-temperature PEMFCs
(HT-PEMFC), which increases the operating temperature and thereby also increases
the temperature difference to the ambient. This in hand will decrease the required
heat-exchanger size.

The total system efficiency can then be defined using kg,p and the cell efficiency
previosuly defined in Equation 2.6

Neell Pprop
— — ell - 2.12
kpop P (212

2.4 Reactant usage and heat produced

In order to evaluate the mission performance of a fuel cell aircraft, the resulting fuel
mass flow has to be calculated. With the efficiency and power output known of the
fuel cell system, the mass flow is calculated according to

P B Pprop
HHV -nen HHV -q

The mass flow of air needed to supply the required oxygen for the cathode
half-reaction is dictated by [27],

M fyel = (2.13)

SOmA) P (2.14)

Mairin = fA (l‘oNF V:;e[[

where f, is the utilization factor, where values larger than one indicate supply is
greater than consumption (usually 1.5-2.5 for typical systems [27]). Sp is the moles
of oxygen, N the moles of electrons, F' Faraday’s constant, m 4 the molecular weight
of air and xp the fraction of oxygen in air. P is the total power output of the system
and V. the cell voltage. Although air is quite readily available for an aircraft and
therefore not as finite as the on-board hydrogen, the needed mass flow of air is
important to know for designing and evaluating the performance of the air intake
system.

The rate of waste heat produced by the system is simply the potential power of
the reaction not converted into usable electric power

1 1
Qrc = (77 P 1) P = (77 — 1) Pprop - (2.15)

Some of this heat is rejected via the air exhaust and through being absorbed by the
structure and convected away, but the majority of this heat has to be rejected via
the dedicated liquid-air cooling system.




Chapter 3

Hydrogen storage

3.1 Fuel characteristics

Hydrogen offers the highest caloric value out of any available fuel. The lower
heating value (LHV) is at 120 MJ/kg [28], which is roughly three times larger than
conventional Jet-A (43 MJ/kg [28]). This makes hydrogen an attractive fuel for many
transport applications, especially within rocketry and aviation as overall vehicle mass
plays a big role in the vehicle’s performance. Hydrogen has successfully been used in
experimental aircraft (see Chapter 1), but has seen most use within orbital launch
systems, such as in NASA’s Space Shuttle main engines.

As was described in Chapter 1, the main challenge with hydrogen is its low volu-
metric mass density. At 1 bar and 20°C the density of hydrogen is 0.084 kg/m3 [29],
which despite its great LHV causes infeasible storage volumes when comparing to the
density of Jet-A which is around 804 kg/m?. To get around this problem, hydrogen
used in cars and trucks is usually pressurized to either 350 bar, at which the density
is approximately 24 kg/m? [29], or to 700 bar where the density is 40 kg/m? [29]
(both at 20°C). This would still yield infeasible storage volumes for an aircraft. To
put things into perspective, an ATR 42 turboprop has a maximum fuel capacity of
4500 kg, which in terms of volume and energy content is roughly 5.6 m® and 193 GJ
when considering Jet-A. For the same energy stored, hydrogen would bring down
the fuel mass to 1608 kg. But the benefits in mass are quickly diminished by the
new required storage volume. The volume for storing this amount of hydrogen at
700 bar would end up being 40 m?, or seven times the volume when compared to the
original Jet-A aircraft! For this volume to fit inside the fuselage width of 2.58 m,
the resulting cylinder of pressurized hydrogen would be 7.7 m, which is a majority
of the existing cabin length. In addition, high-pressure tanks are notoriously heavy,
with the fuel mass in many cases only constituting 5% of the combined fuel and tank
mass, meaning the system itself would be heavier than the ATR 42 take-off mass.

By cooling down the hydrogen gas to around -253°C (at SL pressure), we can
achieve liquefaction. This bumps up the density to 71 kg/m? [29], which starts
becoming more acceptable for integration into aircraft. For the previous example
of the ATR 42 with pressurized hydrogen at 700 bar, the use of liquid hydrogen

15
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would reduce the required cylindrical storage volume to roughly 22 m?, a three meter
decrease in occupied fuselage length.

The challenge with liquid hydrogen is the process of the liquid starting to boil
and subsequently vaporizing into hydrogen gas, creating so called boil-off. With the
hydrogen’s state located on the saturation curve, any heat added to the liquid will
cause it to start boiling. This will raise the pressure inside the tank. If the pressure
increases to the design limits of the pressure vessel, action has to be taken. The
gas can then either be ventilated through a valve to atmosphere. If the boil-off is
not reliquified or used in some other way, this will constitute a loss of usable fuel.
Boil-off is inevitable, and therefore care has to be taken to limit its rate. This is
primarily done with effective thermal insulation and with powered devices which can
mix the fuel and prevent thermal stratification.

3.2 Cryogenic storage

Liquid hydrogen presents unique challenges for the storage system in terms of its
ability to withstand heat transfer from the environment, internal and external pressure
loading, as well as hydrogen related peculiarities such as tank wall embrittlement
and permeability.

While the pressure at which the LHy is filled at (fill pressure) is usually only
slightly above SL, which is done in order to minimize risk of air entering in case
of catastrophic tank failure, the tank has to be designed to withstand the internal
pressure created by the boil-off and the external pressure by the ambient atmosphere
outside the tank. If the boil-off progresses until the pressure inside the tank is at
the design’s rated limit, the gas has to be vented out of the tank. This outflow of
enthalpy reduces the internal energy of the tank contents, and therefore reduces the
pressure and temperature. The pressure at which ventilation is triggered (ventilation
pressure) is one of the key design parameters for the tank’s overall performance, as
it determines the wall thickness, which affects the weight and the overall ventilated
mass throughout a mission.

When filling the tank, a certain amount of gas will be put in the tank in order
to be able to reduce the pressure if the tank reaches the ventilation pressure at
maximum fuel load. This is known within cryogenic storage as gas ullage, and
common levels are 3% [30]. This means that when the tank is filled to its maximum,
the fuel can pressurize up to the ventilation pressure, and still have 3% of its volume
to be occupied by gas that can be ventilated in order reduce the pressure. This is
needed as a safety precaution, but also has performance implications. If considering
two tanks with the same fill pressure and desired gas ullage, a tank with higher
ventilation pressure will have to have a higher initial fraction of gas, in other words
less fuel mass. Figure 3.1 illustrates this behavior for tanks identical in all aspects
except ventilation pressure.

As the fuel tank has to have minimal surface area, be able to resist pressure, and
not leak, the hydrogen has to be contained in dedicated insulated pressure vessels.
Compared to conventional aircraft which generally stores the kerosene inside tanks
integral to the wings, the main performance concern for hydrogen storage becomes
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Figure 3.1: Effect on liquid volume fraction ( ) by changing the venti-

lation pressure.

its weight and the volume it occupies. A tank’s mass efficiency in storing the fuel is
commonly classified by gravimetric index (GI), which is defined as the ratio between
the fuel’s mass and the combined mass of the fuel and tank

G = — uel (3.1)
M fyel + Miank

A conventional Jet-A aircraft with integral wing tanks will have a GI of 100%.
The reported numbers of GI for LHy tanks from both theoretical models and real-
world prototypes have a large spread. Depending on pressure vessel design, which
entails shape, material and pressure limits, and the type and amount of insulation,
GI can range between 15% to as high as 90% [31]. The Clean Sky 2 project assumed
30% for their regional fuel cell aircraft, with GI's going up to 37-38% for the medium
and long range concepts [13]. Verstraete [32] estimated the GI for a single regional
aircraft tank to be between 67.5-70.9% depending on chosen insulation type.

A key question is what GI has to be achieved in order to reach parity with
conventional Jet-A aircraft in terms of energy consumption. In [31] it is shown that
a GI of around 55% is needed in order for a regional aircraft to reach similar energy
consumption levels as its conventional counterpart (if only difference in fuel and tank
weight is considered).

3.2.1 Insulation system

An effective insulation system is needed to limit the amount of heat being transferred
from the ambient environment to the fuel. The external surface of the tank will
be affected by convection and radiation from the environment, which depending on
the type of insulation, will conduct and radiate heat to the solid tank wall, which
finally conducts the heat to the fuel. The thermal radiation absorbed by the tank
is minimized by using low emissivity coating or paint. The external convection is
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minimized by reducing the amount of movement of air outside the tank, and is in
the case of internal non-integral tanks (such as an aft-mounted tank behind the
aft pressure bulkhead) mostly limited to natural convection. The conductivity is
minimized by covering the pressure vessel with a material of low thermal conductivity,
such as low-density foam.

The most common types of insulation that are considered for aircraft are either
foam-based or multi-layer insulation (MLI) systems. The two alternatives are effective
solutions, but perform differently in terms of complexity, cost, density, thickness
and overall thermal resistance. The foams are cheaper and less complex than the
MLI, but have orders of magnitude higher thermal conductance. Common types are
either polyurethane or polymethacrylimide (such as Rohacell®). These foams come
in different densities, with polyurethane having densities of 32-64 kg/m® and thermal
conductivity is in the order of 10*-10% W/m-K [33]. The MLI performs much better
in this regard, with thermal conductivities in the order of 10-10° W/m-K [33].

The foams are simple in that the only extra essential component involved is a
vapor-barrier to prevent water condensation from being absorbed into the material,
which would reduce its effectiveness. The MLI systems are considerably more complex
and delicate. MLI consists of multiple thin radiation shields (like Mylar®), separated
by a low-conductivity spacer material, all housed in a near-vacuum (usually in the
order of one millibar). In a vacuum, similar to in space, the only means of heat
transfer is radiation. But if the radiation shields would be in contact with each
other the heat could conduct through the layers, hence the spacer-material. The
main drawback of the MLI system is the vacuum, which has to be contained in a
vacuum-jacket. This requires an extra outer tank wall, which adds weight.

The work covered in this thesis has only considered MLI tanks, as it is more effec-
tive in preventing heat transfer and takes less space. This simplifies the integration
of the tanks into typical turboprop fuselage geometries.

A simple model of a tank subjected to heat transfer from the environment is
illustrated in Figure 3.2. If the liquid-gas mixture is considered homogeneous in
terms of pressure and temperature, the mechanisms involved in the heat transfer are

 External convection (ambient air) and radiation on external surface
o Conduction through insulation and tank wall

« Internal convection (fuel) on internal surface

For the work considered in this thesis, the external and internal convection heat
fluxes are solved for by using Nusselt-number correlations for natural convection
occurring along a vertical plate, where the length is set as the tank diameter [34].
The external convection considers ambient air, and internally the calculation is done
separately for the liquid and gaseous volumes

Nu 0.387Ra'/® 2
Nu = {0.82 | N
‘ 0-820+ (14 (0.492/ Pr)9/16)8/27 (3.2)
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Figure 3.2: Illustration of heat transfer occurring between the liquid-gas fuel
mixture, the tank wall, insulation and the ambient.

The metal tank wall is considered to not provide any thermal resistance, and it is
then only the MLI system providing it. The flux through the MLI can be evaluated
in bulk using an adaptation [35] of the semi-empirical Lockheed model [36],

TL6T _ T4

(Ty + 1) Ty —T¢) c DMLI n
+ Cse +C T —T-°
2(Nppr + 1) ’ Nurr gNMLI( a c')
(3.3)

qurr = C1N, t02

where Ty and T are the hot and cold surface temperatures, respectively.
The total heat transfer rate into the tank is then calculated by solving for Qs

Qconv,air + Qrad - QMLI

3.4
Qcom},gas + Qcom),liq - QMLI ( )

3.2.2 Pressure vessel design

Cryogenic tanks can be classified into different types, with the difference being the
type of material used in the pressure vessel.

Type 1 covers basic metallic tanks, made out of steel or aluminium alloys.
Aluminium is a common choice in cryogenics due to stable mechanical properties
when cooled, with alloys 2219 and 5083 being common for pressure vessels. This
type of tank is considered in the work covered by this thesis, as it is a low-risk option
technology wise and can easily be designed in conceptual aircraft studies with simple
calculations.

Type 2 is a mix between metal and composites. An inner liner of metal is used
to contain the hydrogen, due to being less permeable than composites. A fiber-
reinforcement such as carbon fiber is then wrapped around the metal liner in order
to absorb the hoop stresses. This decreases the weight of the system, without fully
depending on a composite laminate for containment.

Type 3 is an evolution of the Type 2 with more fibers in more load paths. With
the composite part also absorbing longitudinal stress in addition to the hoop stresses,
the mass of the metal inner layer is further reduced.
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Type 4 is a fully wrapped composite tank with a non-metal inner layer, usually a
polymer-based liner. This gives a very light design, but increases the risk of hydrogen
permeation.

Type 5 is a liner-less tank made solely out of composites, with the laminate
structure both containing the hydrogen and taking up mechanical load. Although
the lightest out of the different types, further research and testing is still needed to
prove safe functionality.

Regardless of tank type, the fundamental load case for cryogenic tanks in aircraft
is the same. The liquid-gaseous hydrogen mix is stored at slightly elevated pressures,
which causes internal pressure load on the vessel. The maximum load considered is
the ventilation pressure p,,q.. For an MLI tank which consists of a double pressure
vessel, the inner wall experiences an effective pressure of,

Apinner = Pmaz — PMLI (35)

where pysrr is the pressure between the outer and inner tank walls. A factor of 1.1
is added to account for ventilation valve defects, and a factor of two for in-flight
dynamic loads, yielding a design pressure of

DPdesign,inner = 2- (]-~]-Apinner) . (36)

The outer wall is subjected to external pressure loading, as its external surface is
at ambient pressures, with the inside being the partial vacuum. The highest pressure
experienced by the outer wall will be SL pressure,

APOuter = Poo,mazr — PMLI (37)

where poo mae is the pressure experienced at SL. Accounting for dynamic loads, the
design pressure for the outer shell becomes

Pdesign,inner = 2- Apinner . (38)
With the design pressures known, the wall thickness of each shell can be calculated

using formulas for pressure vessels. The inner thickness is solved for by considering
welded metallic pressure vessels [37],

2'pdeeign inner T2 K .

— spherical

i _ _ _ 2'(0'y/SFinner)'ew_2'pdesign,inner'(K_O-1) ( p ) 3 9

tw,znner o r2 rl o ‘Pdesign,inner T2 ( 1 d . 1) ( ° )
: cylindrica

2. (Uy/SFiHHET)'ew 70'8'pdesign,inner

where the factor K is the sphericity of the endcaps, e,, a welding weakness factor and
S F}ner the safety factor put on the yield stress. As is seen in Equation 3.9, there
are two cases: purely spherical or cylindrical. In the case of non-spherical tanks, a
cylinder with hemispherical endcaps is considered. In this case separate calculations
are made using both cases, where the largest wall thickness of the two is set as the
common wall thickness. The outer shell is loaded inwards, and therefore has to cope
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with buckling loads. Therefore the wall thickness is solved for by using equations for
curved panel buckling [38],

esign,ou e'r'SF/ -2 .
\/pd S 0365E outer T4 (spherical)
_ _ _ 1/10
tw’OUter =T 3= (pdesign,outer'SFouter'Lcyl'ri/(0'807E))4 / . . <310)
1/ 02)7 (cylindrical)

where 73 = 19 +ta11, Ley the length of the cylindrical section and SFy e, the safety
factor on the critical buckling pressure.






Chapter 4

Aircraft sizing and simulation

4.1 SUAVE

In order to evaluate the performance of fuel cell aircraft, methods for sizing and
simulating the aircraft and its systems are needed. For this purpose, the open-source
aircraft conceptual design tool Stanford University Aerospace Vehicle Environment
(SUAVE) [39] is used. The software is comprehensive in its ability to build and
analyze both conventional and unconventional designs [40]. To begin designing, the
aircraft is fully parametrized in terms of airframe and propulsive systems, and can
then be run through analysis methods such as classical text-book weight correlation
methods, e.g. [41], and aerodynamic mapping through the built-in Vortex Lattice
Method (VLM) solver [40]. With the aircraft fully defined, it can then be ran through
the mission solver, which simulates flying a mission and will produce results such as
total fuel burn.

4.2 Aircraft sizing

When designing the aircraft and its systems, more often than not sizing routines are
incorporated in order to automate and ensure consistency in the aircraft’s design. For
the purposes of the work covered in this thesis, the aircraft sizing involves routines
for:

1. Fuel cell system sizing
2. Cryogenic storage sizing
3. Airframe re-sizing

In the fuel cell system sizing the full multi-stack is designed together with the
BoP components. The important input parameters involved here are the required
maximum propulsive power, the maximum system voltage and wanted stack-up of
the stacks inside the multi-stack. Given these inputs and a sizing point on a fuel cell
polarization curve, the resulting BoP overhead (and by that total system power),
mass and volume is calculated.

23
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The routine for designing the MLI pressure vessels will output a resulting mass
and volume, which depending on the design strategy might require a stretch of the
baseline fuselage design. By giving the wanted number of tanks, maximum allowed
radius, fill pressure, gas ullage and ventilation pressure, most parameters for the
mechanical design are set. What is not as easy to define is the total fuel volume and
thickness and density of the MLI system. An initial guess is made, which is then
evaluated through mission solving. After this it can be evaluated if the amount of
unused fuel, boil-off and ventilation behavior are deemed acceptable. Some tanks
will make the overall aircraft performance worse than others, but there will also be
a set of parameter combinations which results in excessive ventilation or pressures
dropping below the fill-pressure safety limit. In most cases when evaluating tank
performance a parameter sweep study is set up, which results in a feasible design
space for the tanks.

Resizing the airframe in the case of the work covered here consists of modifying a
baseline turboprop aircraft to accommodate the new propulsion system. If passenger
capacity is to remain unchanged, a stretch or diameter increase of the existing fuselage
has to occur. This increases the weight of the fuselage, translates the empennage
rearward, and will have an impact on the overall aircraft CoG. If maintaining
performance and airport compatibility of the baseline aircraft is desired, certain
sizing rules have to be enforced, such as maintaining the baseline aircraft’s wingloading
and power-to-weight ratio. With this, any increase in aircraft weight will have to be
compensated with larger wing area and increased propulsive power, both of which
increase the aircraft weight. The resizing is therefore an iterative process, which is
considered complete when the aircraft weight and CoG are converged. The iterative
re-sizing is illustrated in Figure 4.1, and an example of resized ATR 42 is shown in
Figure 4.2.
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Figure 4.1: The iterative process of resizing a baseline aircraft.
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Figure 4.2: Example of planform resizing for an ATR 42 aircraft.

4.3 Mission simulation

The mission module in SUAVE is capable of simulating just about any type of flight
mission. For simulating aircraft used in typical commercial operation, the simulated
mission can be split into two parts: the intended flight to the destination, and a
diversion. The flight to the destination will consist of a climb to cruise altitude, a
cruise and finally a descent. At the destination, a loiter segment is performed in order
to simulate the aircraft holding for landing. After this a diversion to an alternate
airport is performed by climbing to (this time a lower) cruise altitude, cruising, and
descending. At the alternate airport a final hold is performed by loitering, to account
for final reserves. This type of mission, call it a design mission, is used to size the
aircraft, as it accounts for all fuel that needs to be onboard. An illustration of the
above described mission is seen in Figure 4.3.

=
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< > ¢ '

Design range Diversion

Figure 4.3: Design mission.

As is seen in the design mission, the combined horizontal distance of the first
climb, cruise and descent make up the aircraft’s design range. Off-design missions
can involve flying faster or at different altitudes, or further if the payload is less. For
conventional kerosene aircraft it is not uncommon for airlines to fill up with fuel at
the origin, fly to the destination, and then back to the origin — all on the same fuel
load. This is for economic reasons, as flying heavier and burning more fuel can be
more profitable than filling up when the fuel prices are high. This could also be the
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case for hydrogen aircraft, but it is more likely that this type of mission will be flown
due to a future initial lack of hydrogen infrastructure. The boil-off performance of
the cryogenic storage is then of high importance, as the fuel ventilated en-route and
in turn-over will have a direct impact on the aircraft range. For these purposes a
special "return-without-refuel'-mission can be set up, as seen in Figure 4.4.
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Return range Return range Diversion

Figure 4.4: Return-without-refuel mission.

As seen in the return-without-refuel mission, there is only a reserve mission
included for the return-leg, as it is assumed that an diversion occurring while flying
to the destination will not allow for a return without refueling. The boil-off during
turn-over at the destination is simulated in the "groundhold" segment, whereby the
the tanks are subjected to no fuel mass flow and SL ambient temperature for a given
amount of time.

4.3.1 Mission solver

The mission solver in SUAVE will solve the aircraft state (attitude and thrust-level)
required to satisfy the motion prescribed by the individual mission segments. In
each time step, the mission solver is fed the aircraft mass, which sets the amount of
required lift force. With the prescribed dynamic pressure also known, SUAVE will
solve for the resulting aircraft angle-of-attack (AoA). Using the dynamic pressure
and now known required AoA, the resulting drag force is calculated. In steady-state
conditions this drag force has to be countered with equal amounts of thrust force.
The solver will then run the dynamic code for the thrust-making device, like an
propeller, to solve for the required amount of propulsive power to generate the needed
thrust. In the case of the airplanes considered in this work, the required power will
then be the input to the fuel cell propulsion code, which will output the required
mass flow of hydrogen back to the mission solver. The fuel flow is then added to
the overall vehicle mass rate which is then integrated over mission time in order to
decrease the vehicle mass. This whole process is highly interdependent, and therefore
each aircraft state variable is iterated on using an optimizer-based approach, until
there is force equilibrium in the vertical and horizontal directions.

4.3.2 Dynamic propulsion model

The dynamic propulsion model for the fuel cell aircraft consists of a fuel cell model
and a thermodynamic model for the cryogenic storage. The fuel cell model will
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iteratively solve for the current and resulting cell voltage that produces the total
system power needed to satisfy the propulsive power demand. As mentioned before,
this enables the calculation of the required fuel mass flow. This is then an input to
the dynamic storage code, which is responsible for calculating the pressure inside the
tanks. The fuel mass flow is an enthalpy outflow, which has a negative contribution
to the pressure time derivative. The heat transfer is calculated according to the
ambient conditions in the given mission solver time step, and has a positive effect
on the pressure time derivative. These two energy flows work in opposite directions,
and whether the pressure will increase or decrease will depend on the free stream
conditions and power demand. When the pressure is at the ventilation pressure of
the tank, the pressure time derivative has to be zero. This is done by ventilating
gaseous hydrogen, which is a mass flow exiting the tank. Although relatively small,
the venting mass flow will affect the performance of the aircraft, and is therefore an
input to the mission solver’s vehicle mass rate.






Chapter 5

Summary of papers

5.1 Paper 1

Hydrogen fuel cell aircraft for the Nordic market
C. Svensson, A. A.M. Oliveira, T. Gronstedt
International Journal of Hydrogen

5.1.1 Summary and discussion

In this paper a hydrogen fuel cell aircraft tailored for future Nordic air travel is
sized and simulated. The Nordic region presents unique challenges such as long
travel distances and sparse airport infrastructure, and therefore future demand on
passenger volumes and travel distances were studied through a demand model. From
this data, a range of 648 NM and a capacity of 50 passengers were set as design
requirements for the aircraft. Using an ATR 42 turboprop as a baseline aircraft
model, the PEMFC propulsion system and cryogenic storage were sized via new
routines implemented in SUAVE. As the propulsive system and storage ended up
increasing the MTOW of the baseline aircraft, an airframe resizing was required.

A parametric study of the cryogenic storage where the insulation thickness and
ventilation pressure were varied showed small variations in the total design mission
fuel consumption (fuel used and ventilated). An optimal tank, which balanced
weight and boil-off performance, that minimized fuel burn was found to have a
moderate ventilation pressure of p,,.. = 1.76 bar and an MLI layer count of 15. The
performance of the MLI system was shown to be very effective, with a large part of
the design space (MLI layer counts above 16) classified as infeasible, as tank pressure
would drop below the fill pressure. Furthermore it was shown that maximizing GI
was not optimal for this type of aircraft, as a very light tank will have excessive
boil-off behavior.

Lastly four tank designs were run through the "return-without-refuel" mission.
The tank with a high ventilation pressure and large MLI layer count (p,,., = 4.00 bar,
Nyrrr = 15) was shown to perform the best when considering long groundhold times
at the destination airport. This tank was able to be dormant for 10 hours at the
destination without any significant inital range loss. For short groundhold times
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(less than two hours), all tanks except the one with low ventilation pressure and low
insulation layer count were able to achieve similar range performance.

5.1.2 Division of work

C. Svensson: Conceptualization, modelling, simulation, post-processing, data visual-
ization, manuscript writing, manuscript reviewing

A. A.M. Oliveira: Consultation on fuel cell modelling, manuscript reviewing

T. Gronstedt: Conceptualization, manuscript writing, manuscript reviewing

5.2 Paper 2

Modelling hydrogen fuel cell aircraft in SUAVE
C. Svensson, P. Miltén, T. Gronstedt
34th Congress of the International Council of the Aeronautical Sciences (ICAS)

5.2.1 Summary and discussion

This paper presents methods for conceptually designing and simulating the mission
performance of fuel cell aircraft in SUAVE. Routines for fuel cell system sizing,
cryogenic storage sizing and airframe resizing are introduced. The fuel cell system
design routine sizes the individual cells and arranges them into multi-stacks according
to power needs and polarization curve characteristics. The air intake system, which
includes the inlet, diffuser, compressor and turbine are sized using aerodynamic
correlations and thermodynamic relations for a given worst-case operating point.
The cooling system is sized to reject the maximum amount of heat produced by
the fuel cell system, and uses the conceptual heat-exchanger design code GenHEX
to design and evaluate the performance of the air-to-liquid heat-exchanger. The
procedure for redesigning existing turboprop aircraft into fuel cell propulsion is also
presented, where fuselage stretching, and wing and empennage resizing are presented.
Correlation methods are used for defining the new aircraft weight, and the CoG is
reassessed. Dynamic models used in the mission solving for calculating the PEMFC
fuel mass flow and tank pressure are also presented.

A study on tank GI is performed in order to investigate the effect of total fuel
volume and number of tanks. Here it is shown that for large fuel volumes, which will
only fit in existing fuselage diameters if stored in cylindrical tanks, it is beneficial on
GI to split the fuel into several smaller spherical tanks.

Finally a full resizing of an ATR 42 is performed using the iterative resizing loop.
In order to fit 6 m? of fuel, the fuselage required a 16% stretch and the wing reference
area was enlarged by 6% in order to maintain the original wingloading. Between
MTOW and maximum zero fuel weight (MZFW) conditions, the CoG location moves
6% forward.
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5.2.2 Division of work

C. Svensson: Conceptualization, modelling, simulation, post-processing, data visual-
ization, manuscript writing, manuscript reviewing

P. Miltén: Creator of GenHEX conceptual heat-exchange design code, consulta-
tion on heat-exchanger design methods

T. Gronstedt: Conceptualization, manuscript writing, manuscript reviewing






Chapter 6

Conclusion

6.1 Concluding remarks

In this work the potential performance of hydrogen fuel cell aircraft for regional
travel has been investigated. With its high efficiency, fuel cell propulsion shows great
promise in offsetting the negative impact on energy use that liquid hydrogen storage
brings to the performance of turboprop-style aircraft. The challenges it presents are
the low specific power, large geometric footprint and large heat-rejection needs.

For the cryogenic storage it was demonstrated that the boil-off performance has
a significant effect on the choice of tank design parameters. There is no clear answer
on what the best tank design is, as lighter tanks perform the best in a normal
design mission, while tanks with much worse GI perform better in the off-design.
The available hydrogen refueling infrastructure and airline operations are therefore
perhaps the ultimate deciding factors for the aircraft’s performance, not overall tank
weight or insulation effectiveness.

The fuel cell multi-stacks sized are representative for modern LT-PEMFC systems
in terms of chemistry and system specific power. This has enabled us to investigate
the cryogenic storage performance and needed modifications to the airframe. On
the other hand, no aircraft have to this date flown with multi-stacks in the level of
2 MW, so there is a gap in the available data to perform proper validation of the
full aircraft system-level performance. An experimental program has to deal with
the problems that reality brings, and the predicted performance parameters such as
system weight, volume and BoP overhead might therefore be subject to change.

To conclude this thesis, there is now a collection of design and mission performance
models that have been integrated into SUAVE, that will be used to further refine
the regional fuel cell aircraft concept and explore novel solutions to the challenges
brought by this type of propulsion system.
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6.2 Future work

To fully explore the performance implications that fuel cell propulsion systems bring
to regional-type aircraft, further studies are needed. At the point of writing this, good
routines for designing representative regional fuel cell aircraft have been implemented
in SUAVE. With the performance of type 1 MLI tanks analyzed, it is of high interest
to perform further studies on tanks with different insulation systems and pressure
vessel materials. This could for example be a carbon fiber composite pressure vessel,
which will improve on metallic tanks in terms of GI. It can also be of interest to
study active heating systems inside the tank to prevent the pressure inside highly
insulated tanks to drop below the fill pressure, which would expand the feasible
design space in Paper 1.

For the fuel cell system specifically a study into different chemistries should be
made in order to evaluate potential performance benefits compared to conventional
LT-PEMFCs. A major downside of the low-temperature chemistries is the low tem-
perature difference between the operating temperature and the ambient, which results
in large required convection rates through the heat-exchanger. High-temperature
PEMFC (HT-PEMFC) chemistries can remedy this, as operating temperatures can
be substantially higher, but have been shown to perform worse in terms of cell power
density and would therefore produce heavier multi-stacks. This trade is therefore of
high interest.

It could also be of interest to look at investigating the performance trade of
increasing or decreasing the maximum system voltage. Running the system at high
voltage brings benefits such as decreased current through the electrical leads, which
can then be downsized. It also has a direct effect on the amount of cells each stack
has to contain. The risk involved with high voltages (around 1 kV and above) is the
possibility of arc formation [42]. This is true for systems on the ground, but is of
extra concern in aircraft as the insulative properties of air decreases with lowered
density.

Finally we would like to investigate novel designs for the heat rejection system, in
order to minimize the weight and aerodynamic drag of conventional heat-exchanger
cooling ducts. This would use higher-fidelity modeling using computational fluid
dynamics software, and system-level evaluation in SUAVE to quantify designs in
terms of fuel burn.
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