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Summary

Fuel cell (FC) aircraft are one of the most promising technological solutions for the first generation of
sustainable aircraft, especially for short and medium ranges. A FC uses hydrogen from a tank and
oxygen from the surrounding air to produce water and electricity, the latter of which is then used by
electric motors to power the aircraft through propellers. Of the many types of FCs that exist, so-called
proton-exchange membrane (PEM) FCs are the most suitable for transport applications. The main
advantages include a quick start-up due to its low operating temperature below 100°C, lightweight and
compact design and a high technical readiness level, having been applied for example in trains or
busses.

A FC propulsion system consists of a stack, which is where the electrochemical reaction takes place,
and several supporting subsystems, called collectively the balance of plant (BOP). For a large vehicle
operating at high altitudes, the BOP consists of at least three parts: 1. the electrically driven centrifugal
compressor, to increase the inlet air pressure, 2. the liquid cooling system, of which the main part is
the heat exchanger and 3. the humidifier. All of these components are grouped together in a so-called
FC engine, which also contains an electric motor and a propeller. Multiple of these are then placed on
the wing or the fuselage. Furthermore, due to the lower power density of FC systems, which is in the
order of magnitude of 1 kW/kg, a battery should be added, effectively making a FC aircraft a hybrid
one. The FC system is then sized for cruise and the battery, which is placed either in the fuselage or
the wing, takes care of any additional power requirements. In a wider sense, the liquid hydrogen tank,
which is placed behind the passengers, is a part of the propulsion system as well.

An important part of the implementation of such a new technology is the development of sizing and
design methods, especially for the early design phases. Regarding FC aircraft, only very little research
is available, particularly regarding generalised methods. One particular deficiency, on which the focus
is place in this thesis, is the imbalance in the level of detail between the performance and the weight
estimation. Whereas the former often consists of analytical models, the latter is usually only accounted
for by using a constant value for the specific power of the whole system. The goal of this thesis is to ad-
dress this research gap by developing a set of methods for the preliminary sizing of PEMFC propulsion
systems for CS-25 aircraft. There are two important things to notice at this point: 1. no such aircraft
have flown yet, meaning that there is essentially no data, which is why the modelling approach will
have to be based on physics, and 2. at the level of detail required here, the weight and performance
estimations become so entangled that both must be addressed simultaneously.

In the sizing process of the FC system, the cell model is first run, which determines the cell voltage
as well as its efficiency. Next is an internal iteration loop, which is required due to the compressor, as
it is the only part of the system which directly consumes some amount of power. This means that the
stack needs to produce both this power, as well as the propulsive one, requiring a convergence be-
tween both components. From this electrical output power of the stack, various other parameters such
as the heat rate or the mass flow of air are derived, which are then used as inputs for the remaining
models. For each BOP, an existing modelling approach from literature is used, but with a number of
simplifying assumptions. For the mass estimation, the physical design of each component is consid-
ered, for instance with the length of the tubes in the heat exchanger, the thickness of the membrane
of the humidifier or the diameter of the compressor. Due to the complex geometry of the latter, a CAD
model is generated within the sizing process. Finally, the stack model is run, where the total nhum-
ber of cells and the area per cell are determined using the system voltage and required power output
respectively. The mass of the stack then follows from these parameters, given certain materials and
thicknesses for its various parts.



A major amount of time was also spent in this thesis to integrate the Python FC system sizing script
described in the paragraph above into an aircraft sizing environment, in order to demonstrate its suit-
ability for this purpose. The choice was made to use the Initiator, an in-house Matlab tool. The Initiator
performs the preliminary sizing procedure of any CS-25 aircraft. It also includes a hybrid branch, which
was used here. Given that a FC propulsion system corresponds to serial-hybrid configuration, the gas
turbine was replaced in the code with the FC system and the gearbox and generator were removed.
Most of the modules of the hybrid sizing process were further modified. For instance, in the fuselage
configurator, a very simple tank dimensioning procedure was used, and the fuselage was stretched.
Most importantly, the FC system sizing process is run in the Class 2 module. This module determines
the MTOM from a detailed OEM estimation and takes the remaining masses from the Class 1 estima-
tion. The latter performs a wing/power loading constraint as well as a mission analysis.

The first part of the results presented in this report are in relation to a sizing study that was per-
formed using an existing regional turboprop aircraft, the ATR 72-600, as a reference. The original mis-
sion parameters and general requirements were used as an input to the Initiator. First, a corresponding
conventional aircraft was sized using the hybrid branch, to verify its accuracy. While the empty mass
(OEM) and wing loading showed a really close match, the difference in the maximum power and fuel
mass were higher. Regarding the FC-powered ATR, the maximum take-off mass (MTOM) increases
by 69%, which is mostly due to the OEM, which increased by 132%. This in turn is mostly caused by
the heavy FC engines, weighing slightly more than 8 tons, which is considerably more than the 964 kg
of the original turboprop engines. Furthermore, the fuselage is extended by 4.3 m to make space for
the tank. Even though these results might seem discouraging at first, one must keep in mind that this
aircraft can fly the same mission as the original and that the increased mass by itself is not necessarily
a problem.

The second part of the results consists of several sensitivity studies, conducted both on the level
of the FC system and of the entire aircraft. First, two important subsystem design parameters were
examined: the compressor pressure ratio § and the cell oversizing factor. A higher g leads to a heav-
ier compressor, as expected. Its positive effect on the stack in terms of an increase in efficiency is
negated by an increase in power required. For the oversizing factor, an increase results in a higher
stack mass due to the reduced power density, but reduces the masses of the other BOP components.
For both, it is important to note that the fuel mass is affected as well, meaning that the optimisation
of such parameters can only happen at the level of the complete aircraft. Next, it was examined how
the system behaves if no compressor is present. As expected, all masses increase significantly. This
means that while the compressor might not necessarily be required to provide sea-level pressure, it is
still overall useful.

In the final section, the effect of several mission parameters on the entire aircraft was examined
using the ATR 72 example. The variation of the range resulted in an increase in the fuel mass (which
is low to begin with due to the higher energy density of hydrogen), but not in the battery mass, as this
component is not active during cruise. This result shows that in some ways, a FC aircraft is much less
sensitive to the range requirement than a purely battery-powered one. Next, the take-off distance was
examined, as this is the sizing constraint for the battery at the original design point (i.e. the battery is
not sized by its energy requirement). However, with a slight increase in the distance, this changed,
suddenly altering the situation. This shows that the optimisation process of such a propulsion system
is a complex procedure, as the effect of all parameters must be kept in mind.

It can be concluded that the main research goal was achieved, as the resulting FC system model
was applied successfully to an aircraft sizing scenario as well as several sensitivity studies. Through
the results, it was demonstrated how such a more detailed approach enables new analysis capabilities
in relation to important aspects of the design of FC aircraft. Therefore, this thesis projects presents
an important step in the development of generalised sizing & design methods for FC aircraft, thereby
making a small contribution to the first generation of truly sustainable aircraft.
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Introduction

In recent years, the issue of climate change, being one of the biggest challenges of our modern soci-
eties, has gained ever-increasing levels of attention in all aspects of human activity. As such, many
industries have successfully started introducing mitigating measures and new technologies at a com-
mercially significant scale. For instance, the proportion of electric vehicles in operation is steadily
increasing, which together with the continuous improvement and electrification of public transport and
the expanding use of renewable energy sources is reducing the emissions of the transport sector. In
the commercial aviation industry, however, no such solutions have been implemented yet. In 2018,
transport aircraft were estimated to be responsible for 2.5% of the global CO, emissions [1], while the
total effect in terms of all emitted species was determined to be closer to 3.5%. [2] As other industries
continue their transition towards decarbonisation and sustainable operation, this contribution will rise to
an unacceptable extent, forcing the industry to adopt one of two main options: 1. the usage of sustain-
able aviation fuels (SAFs) in combination with costly carbon capture (which would be required not only
to reverse the direct carbon dioxide emissions, but also to balance out the non-CO, effects) or 2. the in-
troduction of completely new, truly sustainable propulsion technologies, i.e. those that have no carbon
emissions during operation and whose other climate warming potentials can be strongly reduced. For
many different reasons, such as being more effective on a long-term perspective, the second option is
favourable. Still, due to the costs associated to this and the fact that currently produced aircraft will be
able to fly using SAFs for the coming decades, a mix of both options will at least initially be required.

Currently, the main technological solutions regarding the second option are 1. battery-electric and
2. fuel cell (FC) aircraft. Due to the low energy density of batteries as compared to fossil fuels, the
former will for the foreseeable future only be an option for small, short-haul aircraft. [3] FCs however
present an interesting opportunity for medium-range operation. They are devices which produce elec-
tricity from hydrogen and oxygen, which is then used to power electric motors that are connected to
propellers. For truly sustainable operation, the hydrogen must be "green”, i.e. it must be produced
through electrolysis, using only renewable energy. Note that for the production of some types of SAFs,
this hydrogen is required anyway. Using it directly in a FC would therefore prevent further energy
losses. It should be mentioned that for most types of FCs, such as proton-exchange membrane (PEM)
FCs, which are considered in this thesis project, water is the only exhaust emission. In general, this
does potentially contribute to climate change, mainly through the formation of contrails and clouds.
However, as compared to a gas turbine, this water is produced under very different conditions such as
a much lower temperature, meaning that this effect can be strongly reduced. [3]

An important aspect of the introduction of any new technology in aviation is the development of
sizing and design methods. These are not only required for the actual development of a commercial
product, but also for research into the effect of this technology on the aircraft in general. This is es-
pecially relevant with regard to the conceptual and preliminary design phases. The current state of
research into these methods for FC propulsion systems is still in its infancy, especially when compared
with equivalent methods for conventional aircraft. Two particular shortcomings can be found, as will
be explained later. The goal of this thesis is to attempt to fill these research gaps by proposing a new

1



2 1. Introduction

set of preliminary sizing methods for PEMFC propulsion systems. Examples of possible applications
of these methods will be demonstrated as well.

The main purpose of this report is to inform the reader about all the work that was done during the
thesis project. The focus in the chapters below is mostly on the development of the methods and on the
results obtained, with only a short overview of the relevant literature. The latter was presented more
in detail in the previous report, at the end of the literature study phase. [4] In general, it is assumed
that the reader is knowledgeable about topics such as aircraft design & propulsion and aerospace en-
gineering in general, but not yet about FC systems. Therefore, an introduction into PEMFCs in general
as well as FC aircraft propulsion systems is given as well. Furthermore, the goal of this report is not
just to present the work that was done, but also to show the value of the improved set of methods that
are presented, in terms of the sizing results and sensitivity studies that can be produced.

The structure of this report is as follows: this introduction is followed by chapter 2, which contains
basic theory about PEMFCs and FC propulsion systems, as well as a short summary of the relevant
research and a more detailed description of the research goals. In chapter 3, the overall sizing approach
is explained, along with a detailed consideration of each subsystem model and the integration into
the Initiator, which is an aircraft sizing environment. Next, the results are presented in chapter 4.
This consists mainly of an aircraft sizing study and several sensitivity studies. Finally, a number of
conclusions and recommendations for future work are listed and explained in chapter 5. This is followed
by Appendix A, which contains additional results for the aircraft sizing study which are not explicitly
analysed in chapter 4 but might nonetheless be interesting to consider. The code developed for this
thesis project is not given in an appendix due to its length, but can be found in a GitHub repository
located at https://github.com/danieljuschus/pemfc-aircraft-sizing.


https://github.com/danieljuschus/pemfc-aircraft-sizing

Background Information & Research
Goals

This chapter provides background information on the topic of this thesis in the form of relevant theory
and existing literature. It starts with a description of fuel cell (FC) propulsion systems in section 2.1,
followed by a short summary of the current state of FC aircraft design in section 2.2. Furthermore, the
research goals and objectives are also presented in section 2.3.

2.1. General Characteristics, Functioning and Layout of Fuel Cell
(FC) Propulsion Systems

This section contains a short summary of the basic characteristics FC systems, starting with the overall
layout in subsection 2.1.1. The following two subsections zoom in on the cell and stack and their
supporting systems, i.e. the balance of plant (BOP).

2.1.1. Layout of a FC Propulsion System

In a FC aircraft, a FC system provides electrical power to electric motors, which then transform it into
propulsive power through propellers or other thrust devices. Such a system consists of a FC stack,
where the main electrochemical reaction between hydrogen from a tank and oxygen from the air takes
place, and additional components which support this reaction. The latter are collectively called the
balance of plant (BOP). A typical layout for such a system, as applied in this thesis project, is shown in
Figure 2.1. Here, the stack is supported by a heat exchanger, i.e. a cooling system, as well as a humid-
ifier and a centrifugal compressor. Each of these parts is described more in detail in the subsections
below. In most cases, it is beneficial to also include a battery as a separate energy source, effectively
resulting in a hybrid system. The main reason for this is the low power density of FCs, which would
lead to a prohibitively large empty mass if they were sized for the maximum power required. Instead,
the battery covers such power requirements, for instance during take-off, whereas the FC only is active
during cruise. Furthermore, a battery is also able to respond more quickly to any sudden changes in
the power requirement. Still, the main energy source for such an aircraft is the hydrogen, which is
stored in a tank. Due to the low volumetric energy density in its gaseous form, the hydrogen should be
stored in its liquid state onboard of a large aircraft.

Figure 2.1 shows the conceptual layout of the propulsion system but does not yet give an indication
on how this is actually placed on the aircraft. Many options exist here: most of the system components
can either be placed a single time on the fuselage or can be distributed along the wing or the outside of
the fuselage. For the purpose of this thesis, the focus is on complete "FC engines” which contain every
part of the FC system, as well as the electric motor (EM) and propeller. This is illustrated schematically
in Figure 2.2. Multiple of these are then placed on or under the wing, or possibly on the fuselage. This
presents several advantages, such as increased redundancy, easier access for maintenance and the
similarity to currently used gas turbine engines. One potential disadvantage is the effect on both the

3
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Figure 2.1: Layout of the FC system as considered in this thesis, in terms of the main gas flows, which are indicated with

arrows. The coolant pump is not shown as it is mostly neglected in the modelling process (further explained in

subsection 3.3.2). The stack produces the electric current, which is then consumed by the electric motors (and any other
systems, in this case, the compressor). Note that the option of recirculating the anode exhaust is shown, as not all of the
hydrogen is used. This would however require yet another BOP component.

/

~

Compressor
FC stack FC stack Heat Electric
exchanger motor
Humidifier
L J
T
FC unit
L
+
FC engine

Figure 2.2: Schematic drawing of a FC engine. In this case, two stacks are present.

aerodynamics and the structural design of the wing. Within the FC engine, there can be multiple stacks
in series, for reasons further explained below. In any case, there is only one set of BOP components.
To clearly denote such a set of FC system components, the term "FC unit” is introduced as well in
Figure 2.2. In general, the hydrogen tank will be placed in the fuselage, in front or behind the passenger
cabin. The battery, being more flexible in its shape, could be placed in the fuselage or in the wings.
Note that the methods developed in this thesis would also allow other layouts if modified. To restrict
the number of user inputs, the restriction to FC engines as described here is made.
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Figure 2.3: Schematic drawing of a PEM fuel cell.
Image from public domain.

2.1.2. Functioning of Proton-Exchange Membrane Fuel Cells (PEMFCs)

In any type of FC, an electrochemical reaction takes place, due to which some of the chemical energy
contained in the reactants is converted to an electric current. Most often, the reactants are hydrogen
and oxygen:

1
H2+502—>H20 (21)

Whereas the hydrogen comes from a tank onboard the aircraft, the oxygen is simply taken from the
ambient air. The only other products of this reaction are heat and water vapour. In Figure 2.3, a
schematic drawing of a proton-exchange membrane is shown. There are two electrodes: the anode
and the cathode. The hydrogen enters at the anode and the oxygen at the cathode. In a proton-
exchange membrane (PEM) FC, the hydrogen is split into an H*-ion (i.e. a proton) and an electron:

H, — 2H" +2e¢” (2.2)

The former travels through the membrane, explaining the name of this FC type, The electron on the
other hand causes the electric current in the external circuit. At the cathode, both are combined with
the oxygen to form water:

1

202+2H++2e_—>H20 (2.3)

One such cell produces a current in the order of magnitude of 1 V, meaning that for virtually any
application, multiple cells are combined in series to form a stack, as shown in Figure 2.4, such that their
voltages add up. The voltage is produced with a certain current density, i.e. an amount of current pro-
duced per unit area of the cell, which is typically in the order of magnitude of 10000 A/m2. Multiplying
these two parameters leads to a power density (W/m?2). Given a total desired output power of the cell
and knowing the number of cells, the area required for each cell can be determined.
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Figure 2.4: Exploded view of a PEMFC stack. [5]. In this case, assuming a typical cell voltage, the total voltage is around 8 V.
Reprinted from [5] with permission from Elsevier.

In Figure 2.4, the single cell from Figure 2.3 is equivalent to the membrane-electrode assembly
(MEA). Between the cells are the bipolar plates (BPs), whose main task is the delivery of the reactants
through the gas diffusion layer (GDL) to the reaction sites. For this purpose, they have a network of
flow channels. Their name can be explained by the fact that on one side, they provide gasses to the
anode and on the other to the cathode. Other tasks of the BP include transporting the electrons from
one cell to another, thereby creating the complete electric circuit through the stack, and transporting a
liquid coolant. Another minor component is the gasket, which prevents any leakages. The MEA, GDL,
BP and gasket together are called the repeating hardware. The non-repeating hardware such as the
endplates (EPs) and the bolts sits at the end of the stack and its main function is to exert sufficient
mechanical pressure on the cells.

If the desired output voltage of the system is in the order of magnitude of several hundred volts,
it might be necessary to split it up into multiple stacks, as shown in Figure 2.2. The main reason for
this is the difficulty of ensuring the structural integrity and an equal distribution of the mechanical pres-
sure as the number of cells approaches 1000. Another option would be to include a voltage converter.
This would come with additional penalties and is not considered in this thesis to simplify the modelling.
It would on the other hand prevent the mass penalty associated to the doubling of some of the non-
repeating hardware.

Although many other types of fuel cells exist, the PEM type is chosen for this research project. One
of the main reasons is the high technical readiness level (TRL), having been applied on a commercial
level in other types of transport such as automobiles and trains. This large amount of experience is
one of the reasons why they can be designed in a compact and lightweight way. Although stacks with
higher operating temperatures have been demonstrated at lower TRLs, so-called LT-PEMFCs (low
temperature), which are considered in this thesis, operate significantly below the boiling point of water.
On one hand this means that they start up quickly, which is important for most transport applications.
On the other hand, this also means that the rejected heat is at a much lower temperature than for
example that of a gas turbine. Not only does this make any potential heat recuperation difficult, it also
requires large heat exchangers due to the low temperature difference with the ambient air. This is
contrast with other types such as solid oxide FCs (SOFCs), which operate at up to 1000°C. Although
they are less common in transport applications, this type has also been proposed for aircraft propulsion
systems. This would however significantly change the BOP in many ways, as well as requiring many
changes in the stack and cell models. Therefore, this thesis specifically specialises in PEMFCs. Other
noteworthy disadvantages of the latter include the expensive materials contained in the stack (such as
platinum) and the required purity of the hydrogen.



2.2. Design of Fuel Cell Aircraft 7

2.1.3. Role and Functioning of the Most Common Balance of Plant (BOP) Com-
ponents

Figure 2.1 shows the three main BOP subsystems that are likely required for a transport application of

the size and with the operating conditions of an aircraft: the compressor, the heat exchanger and the

humidifier.

The Compressor

The role of the first component, the compressor, is to increase the pressure of the cathode inlet air. As
will be explained further in the modelling chapter, the efficiency of a FC decreases with the reactant
pressure. Whereas the hydrogen is pressurised in the tank, the ambient air is at a significantly lower
pressure at the cruise altitude. A compressor can therefore help to limit the losses associated to the
operation at high altitude. [6] Note that currently, there is still a lack of experience with the operation
of FCs at high altitude, meaning that a manufacturer will most likely require the stack to be operated
at or near sea-level pressure. This would however result in a very large compressor. The choice of
the compression ratio is therefore highly important for the design of the entire aircraft. Note that the
flight speed does result in a certain amount of pre-compression in the inlet of the compressor, as the
freestream slows down. The most suitable type for this application is a centrifugal compressor, mainly
due to its compact size and low weight. [7, 8] Although it would be possible to drive the compressor
with the exhaust gasses, here it is driven by an electric motor, to simplify the modelling. The power is
in that case provided by the stack.

The Heat Exchanger

A PEMFC typically has an efficiency of up to 50%, which means that the amount of heat produced is
of the same order as the electric power output, presenting a considerable heat rejection requirement
for larger vehicles. [9] Liquid cooling is often seen as the most suitable option as it offers the best
performance. [10] This comes at the cost of system complexity, as compared to e.g. air cooling. Also,
a large heat exchanger is required due to the low temperature difference between the coolant and the
ambient air. [10] A liquid cooling system usually consists of the liquid coolant, a coolant pump and a
heat exchanger (HX). The coolant is heated up in the bipolar plates of the stack and rejects its heat to
the ambient air in the HX. [11] Modelling-wise, the HX and the liquid coolant will be accounted for, in
terms of their mass. As will be explained later, the drag of the HX will be, in this first study, ignored.

The Humidifier

The third BOP component considered here is the humidifier. While water is constantly produced at the
cathode, it is also removed through various mechanisms, such as simply being blown out with the ex-
haust gas. During the operation at high current densities (as will be the case during cruise), the rate of
water rejection is higher than the production rate. [12] This means that without a humidification system,
the membrane would dry out, which would prevent the transport of the protons, as well as damaging
the cell. [13] For a large system such as an aircraft propulsion system, external humidification is most
likely needed due to the size of the stacks. [14] In this case, additional BOP components are required,
as opposed to internal humidification. A popular option is the use of a membrane-based gas-to-gas
humidifier, where the humidity present in the cathode exhaust is partially transferred to its inlet. [12]
This is done in an external component, which sits between the compressor and the stack. As will be
explained later, there are many small channels in which the opposing flows are separated by a mem-
brane, through which the humidity is transferred. [12] Compared to other types of external systems,
such a humidifier suffers from less parasitic losses and is simpler by design. [12]

2.2. Design of Fuel Cell Aircraft

Fuel cells are not a new technology, having first been described around 180 years ago. Since then,
they have been applied at a commercial scale not only in stationary applications, but also in various
large vehicles such as busses or trains. However, regarding the aviation industry, only unmanned or
small manned prototypes, such as the DLR HY4, have achieved flight. Although several FC transport
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aircraft are in the early stages of development at the time of writing, no CS-25 aircraft has flown be-
ing fully powered by FCs. An important part in the implementation process of this technology in the
industry will be the development of design & sizing methods. For gas turbine systems, a wide range of
methodologies with different levels of detail has been developed over the last decades.

One of the most important tasks during the design of an aircraft is the determination of its mass at
various points along its missions. During the conceptual design phase, this is only done at the level
of the complete aircraft, i.e. determining values such as the maximum take-off mass (MTOM) or op-
erational empty mass (OEM). In the subsequent preliminary phase, the various systems that make up
the airframe are considered separately. While in early stages, this is often done with single-equation
statistical Class 2 relations, more detailed Class 2.5 or 3 methods are later applied. With an increas-
ing level of detail, the mass estimation also becomes more and more entangled with the performance
analysis.

Looking at the limited amount of existing literature on the design of FC aircraft, one will notice that
usually, much more effort is put into the performance estimation, while the mass of the FC system is
only addressed at a very basic level. In many studies of FC-powered UAVs, existing off-the-shelf FC
systems are taken as an input to the sizing process, removing the need for a weight estimation method
[15, 16] In some cases, the authors go a step further by deriving statistical relations from the weight
of such systems, for instance w.r.t. the output power [17]. This approach is not suitable for larger
aircraft, as no stacks of a corresponding power are directly available and because it severely restricts
the iterational character of the process. Regarding larger transport aircraft, a popular approach for the
estimation of the FC system mass is the usage a fixed value for the specific power of the system. This
metric indicates how many watts the system can produce per kilogram of mass. Often, it is just roughly
based on previous experience or general trends. [18, 19] A 2018 paper by Kadyk et al. [20] shows
a particularly clear example of the commonly found contrast between the mass and the performance
estimation: while for the former, only a single value for the constant specific power is used, the core
of the latter consists of a very detailed, multi-equation analytical voltage model. Similar models that
address the mass of all components of the system seem to not yet be available in open literature. [21]

The main issue with the mass estimation approaches described above is that the power required
and the operating conditions encountered by a transport aircraft will be very different from those that
current off-the-shelf FC systems for transportations are designed for. Furthermore, the designer lacks
the ability to analyse the influence of various parameters, such as the atmospheric conditions, on the
resulting mass. It should also be noted that nearly all existing literature concerns specific design studies
or the analysis of a certain parameter, rather than attempting the development of general methodolo-
gies. The only such work that could be found during the literature study was done in a 2017 Master
thesis by Comincini. [22]

It is interesting to shortly mention possible reasons for this research gap. In all current applications
of FCs, for instance in busses, the mass of the propulsion system is much less critical as compared to
an aircraft. Of particular interest are for instance the cost of the system, or its volume. For an aircraft
on the other hand, the empty mass is a crucial parameter, which directly influences the fuel usage.
Moreover, current systems, both stationary and in vehicles, operate at or near the sea level. This
means that in terms of the temperature and the pressure, both the absolute value and the range of
nominal operating conditions is very different for an aircraft. This requires different design solutions at
the level of the complete propulsion system and can also have an additional effect on the mass, which
could not be resolved otherwise.

2.3. Research Goals

As explained in the previous section, there is currently a research gap in the design of FC aircraft:
there is a lack of design & sizing methods that properly address the mass of the propulsion system
components during the preliminary design phase, especially as compared to the determination of the
performance. Developing such methods would have a significant positive impact on the accuracy of the
design, especially since FC systems have a much lower specific power than gas turbines. Additionally,
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research has shown that the feasibility of a given conceptual design can be highly dependent on the
exact value of the specific power. [23] Therefore, the objective of this research project is to develop
PEM fuel cell propulsion system sizing and analysis methods for the preliminary aircraft design
phase in order to more accurately address the weight estimation of this system.

Connected to this are the main research questions, as determined during the literature study phase [4]:

1. How can the accuracy of the weight estimation of PEMFC propulsion systems during the prelim-
inary design phase of an aircraft be improved?

2. How sensitive is the weight of a PEMFC propulsion system w.r.t. various aircraft sizing inputs?

3. How does the weight of a FC transport aircraft compare to that of a corresponding kerosene
powered one?

As no FC transport aircraft exist yet, it will be necessary to rely on physics instead of statistics.
In this case, it is important to realise that the mass of the propulsion system cannot be estimated in
isolation of its performance. This means that a complete propulsion system model will be developed.
Where possible, existing methods, especially for the performance aspects, will be applied. The devel-
opment and validation of the propulsion system model will address the first research question. For the
remaining two questions, it will also be necessary to implement this model in an aircraft sizing environ-
ment. This will allow sensitivity & design studies to be performed on the level of the complete aircraft.
This will not only demonstrate the capabilities of the new modelling approach, but will also allow more
general statements about the characteristics and behaviour of FC aircraft to be made, which will further
underline the value of this research project.

Several requirements will have to be met by the model. Firstly, it should be modular, to allow the
integration of different propulsion system elements or of the current elements in a different layout. Ini-
tially, the focus will be on the layout presented previously in this chapter. In later stages however,
it should be possible to easily replace or add different technologies or components without having to
change the rest of the program. Secondly, the model should be parametrised, to facilitate the integra-
tion within an aircraft design environment. This means, amongst others, that there should be a clear
definition of all input and output parameters. Thirdly, it should be scalable, to allow the application to
any CS-25 aircraft. This will require the applied methods to be general enough, without losing too much
accuracy. Fourthly, all constants should be chosen such that the results correspond to the current level
of technology of FC systems. Finally, attention should be paid to limiting the computational time re-
quired, again to make it more usable in an iterational aircraft design process.

At this point, it is interesting to note that there are several aspects which will facilitate the devel-
opment of this model. Firstly, a fuel cell stack has no moving parts and is therefore mechanically and
geometrically simpler than a modern gas turbine, which can have many turbomachinery stages and
multiple spools. A PEMFC stack is also simpler to model from an aerodynamic and thermodynamic
perspective, as it operates at low temperatures and without any high internal velocities. One of the
consequences of this is that a stack is highly scalable. In principle, an increase in power will just result
in an increased area per cell. In comparison, gas turbines suffer from severe scaling effects such as
those due to the Reynolds number. In terms of the BOP, the compressor is the only component with
major moving parts, meaning that its modelling will be the most complex. Finally, as mentioned before,
PEMFCs have reached a high level of technical maturity, meaning that despite the lack of commercial
implementation in the aviation industry, there is a large amount of knowledge available.






Methodology

Following the previous derivation of a research goal, this present chapter describes the development
of the propulsion system model. After a description of the overall sizing approach in section 3.1, the
modelling of the stack and the BOP are presented in section 3.2 and section 3.3 respectively. Next,
the integration of the propulsion system model into an existing aircraft sizing environment is described
in section 3.4. Finally, section 3.5 contains a summary of the limited validation activities that could be
performed in this project.

3.1. Overall Fuel Cell System Sizing Approach

The overall approach for the FC system sizing process is shown in Figure 3.1. The starting point is the
cell model, which provides a cell voltage V., as well as a cell efficiency n.. Next, an internal iterational
loop is run. At the first iteration, the stack only needs to produce the propulsive power B, (i.e. the
electrical output power of the complete system, which will be used for propulsion). Having run the
compressor performance model for the first time, a first value for the power required Pz,p is known,
which is added to B, to obtain the total power that the stack needs to produce. This continues until
the compressor reaches convergence. Note that this is the only BOP component that is assumed to
consume power in this case. If more detailed models are implemented in the future, for instance for the
coolant pump, more components will have to be added to this loop. After this, the compressor mass
model, the other BOP models and the stack model are run. For the stack model, another important
input is the system voltage. This means that there are two main performance inputs (propulsive power
P,op @nd system voltage V) and two outputs (efficiency 7, and mass of the complete system mgcynit).

Note that the drag is not considered anywhere in this approach. Each of the components contribute
to an overall increase in drag, not only through their mass, but also due to various internal losses and
external parasitic drag components. However, as the focus of this thesis is on the mass and the per-
formance of the system itself, this not yet included. Drag estimation at this level of detail is in general
difficult, but could be done by considering the frontal and wetted areas of the FC engines. These in
turn result from the dimensions of the various subsystems (which are already a by-product) and their
layout. This should be implemented in the next version of the model. It should also be mentioned that
this process is implemented as a Python 3.9 script, calling separate functions containing each sub-
model. The code for this script as well as all functions can be found in a GitHub repository located at
https://github.com/danieljuschus/pemfc-aircraft-sizing.
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Figure 3.1: Diagram showing the FC system sizing approach used in this thesis. The unbroken arrows show the flow of the
sizing process. The broken arrows only indicate the flow of additional variables.

3.2. PEMFC Stack Modelling

This section contains a description of the stack performance modelling in subsection 3.2.1 and the
mass modelling in subsection 3.2.2.

3.2.1. Stack Performance Modelling

The basis of any FC performance model is a so-called polarization model. It expresses the cell voltage
V. as a function of the current density j, often in the form of a single equation, as shown in Equation 3.1.
This can be found in different forms in many textbooks. In this case, the notation presented by O’Hayre
et al. [24] is mostly followed. The first part of the equation is E,, which is the reversible electric poten-
tial of the hydrogen-oxygen reaction at standard-state, as determined from the corresponding Gibbs
free energy. It is equal to 1.229 V. Next are the deviations from this ideal value due to non-standard
conditions, i.e. a certain temperature T and reactant pressures p. R is the gas constant and F the
Faraday constant. The last part of the polarization model are the deviations due to voltage losses,
which itself consists of three different loss mechanisms. The first one is the activation loss, which de-
scribes the reduction of the voltage that is necessary especially at low current densities to overcome
the kinetic energy barrier at the electrodes. It depends on two constants, the transfer coefficient « and
the exchange current density j,. It is usually only accounted for at the cathode. Next are the combined
ohmic losses which occur in any electric circuit. Those are often expressed with a constant r. The last
major loss mechanism is the mass transport loss, which arises from the difficulty of enough reactant
molecules reaching the reaction sites at high current densities. It depends again on a constant ¢ and
on the limiting current density j;;,,, at which this loss causes the voltage to drop to zero. Note that there
is another term j;..k, the leakage current density, which accounts for any leakage of reactants or other
parasitic losses occurring during the reaction.

As RT RT j+jleak jlim
V() =Ey— — (T —Tp) + =1 ——In—* _rj—¢cln——" 14
20) = Bo = 55 (T = To) + 55 10 (pi, Po, ) = g5 In = = =1 —cln =2 [V]
Deviation due to non-standard conditions Deviation due to losses

(3.1)
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Table 3.1: Values of the constants in the polarization model used in this thesis. Based on the value proposed by O’Hayre et al.
[24], with minor modifications.

Transfer coefficient at
the cathode a

0.3 | 10%am? | 05V | 20000 A/m? | 100 A/m?

Area specific
resistance r

Mass transport loss
constant ¢

Limiting current | Leakage current
density jiim density jiear

1.2

#8 Experimental data
—— Polynomial fit

Fraction of reference voltage

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Fraction of ISA sea level pressure

Figure 3.2: Basic voltage loss model for operation at non-sea-level ambient pressure, derived from two sources of
experimental data. [6, 26]

The efficiency of the cell 5. is simply the fraction of the cell voltage over the value of 1.482 V, as
shown in Equation 3.2. [25] The latter is the voltage that would be obtained if all the chemical energy
from the reaction was converted to a current. It results from the enthalpy values (instead of the Gibbs
free energy). Note that for a PEMFC, the higher heating value (HHV) is used, as the resulting water is
liquid. The efficiency of the complete system 7,,,; contains two more elements. Firstly, the fuel utilisa-
tion factor s added. [25] As indicated in Figure 2.3, not all the hydrogen is used at the cathode. A good
first approximation for this value is 0.95. [25] Note that this also means that no hydrogen recuperation
takes place. Secondly, the additional power consumed internally needs to be accounted for by the
fraction of the propulsive output power P,,.,, over the stack output power P;4.,. This means that 7,
in this case is the efficiency in terms of the incoming fuel power and the outgoing electrical power. This
definition is needed for the aircraft sizing, as explained later in section 3.4.

P Ve B

prop ¢ prop
_ _ 3.2
Nsys = Ncky Bstack 1.482#f Bstack .

Table 3.1 shows the values of all constants as used in this project. Some have been shown to be
a function of the operating conditions. However, no suitable analytical model has been described in
open literature to account for this. Therefore, as explained in the next section, the BOP will be sized
by default such that the stack receives sea-level pressure. Still, for some sensitivity studies, it will be
interesting to at least gain some idea of how the pressure will influence the losses. For this purpose,
a simple model was derived from two existing experimental studies. [6, 26] A polynomial fit was per-
formed on experimental data of fuel cells operating at different altitude, as shown in Figure 3.2.



14 3. Methodology

1.2 A
I 6000
1.0 A1
5000
g
> 08 F4000 S
- £
& z
2 0.6 1 @
c 3000 ¢
> (]
= ©
o @
o
0.4 1 \ i =
! 2000 &
\
\
\
0.2 1 ‘\ 1000
/ —— Voltage \
! —-== Power density !
/
004 1 x Design point ro
0 2500 5000 7500 10000 12500 15000 17500

Current density in A/m?

Figure 3.3: Voltage and power density curves resulting from the polarization model. The design point for the default oversizing
factor of 10% is shown. Note that negative voltages at high current densities are cut off.

Applying Equation 3.1 leads to the polarization curve in Figure 3.3. Multiplying the voltage with the
current density leads to the power density p., the second line shown in this figure. Also shown is the
design point, or the nominal operating condition of the cell at continuous power. At first, one might be
tempted to place this at the peak of the power density curve. However, with higher current densities,
the efficiency of the cell continuously decreases, as can be seen in Figure 3.3. Therefore, an operating
point at the left of the peak results in a higher efficiency, at the cost of a lower power density. From
the perspective of the entire aircraft, the former will result in a lower fuel mass as well as lighter BOP
components (due to less air being required and less heat being produced, as explained later), whereas
the latter will result in a heavier stack (as the stack area will have to be increased to maintain the same
power). This offset from the peak power density is expressed with the so-called cell oversizing factor.
[20] Unless mentioned otherwise, this factor is kept at 10%, which is also the value shown in the figure.

Choosing the value of this factor as a design input will therefore present a trade-off between various
masses.

Everything described in this subsection up to this point is contained in the cell model of Figure 3.1.
A few more performance related calculations are done in the stack model. Firstly, the number of cells
in the stack is equal to the required output voltage divided by the cell voltage. Today, stacks with
cell numbers in the low hundreds can be found. However, if the voltage approaches 1 kV, as can for
instance be seen with the newest generation of electric vehicles, the structural integrity of the stack
becomes an issue. In that case, it is advisable to split up the single stack into multiple ones, as already
briefly mentioned in subsection 2.1.1. The last parameter that remains for a complete description of
the stack is total cell area. This is equal to the required stack power (i.e. the required propulsive power
plus the compressor power) divided by the power density at the design point of the cell.

3.2.2. Stack Mass Modelling

The mass estimation of the stack is done in the stack model of Figure 3.1, after having determined all
performance parameters. The stack is broken down into its main components, as described in subsec-
tion 2.1.2. The contribution of the gaskets is assumed to be negligible. For the MEA, an area density
of 0.2 kg/m? is assumed. [20] For all other components, 304L stainless steel is assumed as the mate-
rial, which has a density of 8000 kg/m3. This is a common choice for components such as the bipolar
plates. [27] Based on previous research [28—30], thicknesses of 0.2 mm and 25 mm are assumed for
the bipolar plates and the endplates, respectively. Knowing the number of cells and the area per cell,
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the mass of these components follows. The determination of the bolt mass is slightly more complex.
Theoretically, it should be possible to perform a simple structural sizing of the bolts if the mechanical
pressure to be exerted on the stack is known. However, it is difficult to find a conclusive way to de-
termine this pressure in open literature. Therefore, the diameter is instead determined as a fraction of
the side length of the cell, assuming a square shape. This is based on existing designs for which this
value could be obtained. Furthermore, it has been shown in some cases that 10 is an ideal number of
bolts. [31]

Now the total mass of the stack is obtained, as also shown in Equation 3.3. Note that the dimensions
of the stack are a by-product of this procedure, as all thicknesses are known. Although this is not done
in this thesis, the dimensions could be used for a more detailed layout of the system and a subsequent
drag estimation based on the frontal or wetted area of the engine. Although similar approaches have
been shown in literature, the constants are often just based on previous experience or rough guesses
instead of being supported by corresponding research.

Dporc”
Mstack = Acell [ncells(tBPpBP + pMEA) + 2tEPpEP] + nboltsn%lboltpbolt [kg] (33)

3.3. Balance of Plant Modelling

As shown in Figure 3.1, each of the three BOP components considered in this thesis is included as
a separate model. In the following subsections, each model is presented. It is worth mentioning that
in general, the focus was put on the compressor model, resulting in a more detailed approach, as
compared to the other subsystems. This is not only because it can be expected to be the heaviest
component of the FC system, but also because it consumes significant additional power, meaning that
it eventually influences the MTOM of the aircraft in multiple ways. Furthermore, if the compressor ratio
is chosen such that the stack receives sea-level pressure, its design is directly affected by one of the
main characteristics of an aircraft: the high cruise altitude. Likewise, if the compressor ratio is chosen
more freely, the output pressure has a direct influence on the stack.

It is also interesting to note that out of the three BOP subsystems, the compressor is the only com-
ponent which is currently commercially available in this form and from many companies. While e.g. a
specific FC heat exchanger is hard to find, there are several options for electrically-driven centrifugal
compressors for the specific application in a FC system. One might be tempted to therefore resort
to a statistical model for the determination of the mass of this component, for instance by expressing
it as a function of the compression ratio, mass flow of air or power required. However, this would
make the overall model less sensitive to various design inputs. Also, the available compressors are
much smaller than what would be needed for a large aircraft. Especially given the intention to focus
on the compressor, a physics-based model was therefore developed, just like for the other subsystems.

The final remark to be made before zooming in on the different subsystem models is that in each
case, an existing sizing approach is replicated in a simplified way. Instead of constantly repeating
the citations throughout the subsections, it will be made clear which simplifications were introduced
by the author of this thesis. This means that the rest of the methodology presented is taken from the
reference work. Furthermore, not every single detail of each method will be explained. Instead, just the
main steps will be presented. To learn more, the reader is invited to consult the Python code belonging
to this thesis, as well as the original references.

3.3.1. Modelling of the Electrically Driven Centrifugal Compressor

The compressor model implemented here consists of a simplified version of a complete sizing process
as proposed by Gambini & Vellini [32] and shown in Figure 3.4. Given a number of inputs, the kinemat-
ics are first resolved, followed by a consideration of the thermodynamics and the geometrical design.
This results in a required power and a mass as the main outputs. The first set of inputs are related to
the performance. They are the compression ratio f coming from the main FC system sizing script, the
aerodynamic inlet conditions and the mass flow of air . The latter is given by Equation 3.4, where
M, is the molar mass of air, P the power to be produced by the stack and 4 the stoichiometric ratio
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Figure 3.4: Flow diagram of the compressor sizing process. The box with the broken line indicates the extent of the original
method as proposed by Gambini & Vellini [32] (excluding the loss model, which has been replaced by adding the isentropic
efficiency as an input).

(for which a good approximation is 2 [25]). For the inlet conditions, it is assumed by the author of this
thesis that the flow slows down completely in the inlet, such that its total conditions become the static
ones. As first mentioned in subsection 3.2.1, B is chosen by default such that the stack receives the
ISA sea-level pressure. This can be overwritten by the user if desired.

The next set of inputs are six parameters that are assumed to be constant and equal to a value in a
typical range as determined by Gambini & Vellini. Namely, they are the work coefficient (a dimension-
less parameter), two rotor diameter ratios, the rotor outlet flow angle and the inlet flow angle. This is
done to prevent the necessity of solving a large system of equations. Finally, the isentropic efficiency
of the compressor is an input as well. This is different to the original method and was introduced by the
author of the thesis. In the original method, the efficiencies of both the rotor and the stator are deter-
mined using a number of loss relations as the last step of the process. The process is then repeated
until convergence of the efficiencies is achieved. The main reason for this simplification is that no suit-
able loss models could be found in open literature. Most models are intended for industrial, stationary
applications, which differ significantly from the type of machine required for a FC aircraft propulsion
system. Instead, the isentropic efficiency is taken as 75%, which is based roughly on freely available
compressor maps from companies such as Rotrex.’

L MgirPA
M= 021 F

kg
T] (3.4)

The first step of the sizing process is the consideration of the kinematics of the rotor. Relations
between dimensionless parameters, velocities and angles are used to obtain a full description of the
velocity triangles of the rotor, shown in Figure 3.5. Next, the thermodynamic parameters at each stage
of the enthalpy-entropy diagram are determined, starting with the rotor inlet conditions and finishing
with the total stator outlet conditions. This is first done for the isentropic processes (i.e. assuming
no losses), during which the entropy stays constant. After that, the effect of the efficiency is added,
leading to a different enthalpy at the same pressure. Finally, relations between the dimensions of the
compressor, shown in Figure 3.6, and the other parameters determined here above are derived. For
instance, the rotor diameter D, follows directly from the RPM and the rotor outlet blade speed u,. At
the end of the process, the applicability of the result is verified by checking whether three parame-
ters (the divergence angle, a blade loading parameter and an area ratio) are within an expected range.
If this is not the case, then the design input parameters such as the work coefficient need to be modified.

The first main output of the model, the power required to run the compressor, is simply equal to the
total difference in enthalpy times the mass flow:

Pcomp = m(hz — hy) [W] (35)

"See for example https://rotrex-fuel-cell-compressor.com/fuel-cell-compressors/
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Figure 3.5: Velocity triangles at the rotor. All velocities and angles shown here are solved by the kinematics model.
Adapted by permission from Springer Nature Customer Service GmbH: [32]

DifTuser

Backplate

Shaft

Figure 3.6: Dimension of the impeller and the surrounding geometry. Although all parameters are determined in the original
method, not all are relevant for the generation of the CAD model and the subsequent mass determination. For instance, the
blade heights b; and b, are not needed, as the blades are ignored.

Adapted by permission from Springer Nature Customer Service GmbH: [32]
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Figure 3.7: Rendering of the compressor body CAD model in Cadquery. This rendering is not created by default.

The second main output is the mass of the compressor, for which the modelling approach is not
included in the original method by Gambini & Vellini. The mass consists of three parts: the compressor
body, the electric motor and the bearing assembly. The compressor body in turn consists of a moving
part, the impeller, around which the non-moving part, the casing, is built. Both are complex shapes for
which no simple analytical formulas exist. Furthermore, the impeller design depends on many different
parameters, as shown in Figure 3.6. Therefore, it was decided to obtain the mass of the compressor
body from the material volume of a CAD model which is generated within the sizing process. The latter
is done using the CadQuery 2 Python library. A rendering of the model is shown in Figure 3.7. For
both the stator and the rotor, the blades are ignored as they only marginally contribute to the mass.
[33] For dimensions that are not an output of the sizing method, such as for example the thickness
of the backplate, the constant thickness is taken as a fraction of the outer diameter. This is based on
reference designs for which this value was available. Similarly to the stack mass model, stainless steel
is assumed as the material. The next part of the compressor mass is the electric motor, which depends
mainly on the power that the motor needs to deliver. For the specific power, a current value around
2 kWI/kg is assumed. This was tuned further during the validation process, which is explained later in
section 3.5. Finally, the bearing assembly is taken to be a fixed fraction of the total compressor mass.
This is based on a single commercial compressor produced by Celeroton, for which this value is openly
available.

3.3.2. Modelling of the Plate Heat Exchanger

The sizing of the heat exchanger is based on the work by Kozulovi¢ [9], with the addition of several
simplifications. The starting point is the heat rate Q to be dissipated, determined from Equation 3.6.
[25] Again, P is the power produced by the stack. This heat is rejected to the air flow in a number
of tubes, with the coolant flow being directed in the opposite direction, as shown in Figure 3.9. First,
the expansion of the flow in the inlet of what is conceptually close to a ramjet engine (as indicated
in Figure 3.8) needs to be determined. This is done by assuming various constants, such as the
pressure ratio. Knowing the aerodynamic conditions at the tubes and fixing their cross-section, the
heat transfer per tube Q. can be determined using Equation 3.7, where ¢, is the specific heat and
ATr 4 the total change of each fluid along the tube. The latter is taken as a fixed percentage of the
total temperature difference between the hot coolant and the cold air. Now the required number of
tubes can be simply determined. Next, the local heat transfer from the coolant through the metal to
the air (with AT;,.) is considered with Equation 3.8. a.,np is the combined heat transfer coefficient
of all media, and depends on a number of non-dimensional values such as the Reynolds number as
well as an assumed thickness of the metal. A is the material surface area of a tube (not the cross-
section). Now the length of the tubes can be determined, given that this is a simple function of A and
that Teootant,in — Tairin = ATfwia + ATioc- At this point, a complete geometric description of the heat
exchanger is obtained, leading to a mass. Note that a factor of 1.2 is applied to both the length of the
tube and the total mass, to account for simplifying assumptions and the mass of the coolant pump.
Also included in the subsystem mass is the coolant, which is assumed to be twice the amount that fits
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This figure from [9] is licensed under CC BY 4.0

Figure 3.9: Close up drawing of the structure of
the heat exchanger tubes. Both a side and a

frontal view are included. [9]
This figure from [9] is licensed under CC BY 4.0

in the heat exchanger. The main difference to the original method presented by Kozulovi¢ is that both
the small amount of thrust produced by heating up the air flow and the parasitic drag caused by the
heat exchanger in general are ignored. This is in line with the other modelling approaches in this thesis,
which ignore the parasitic drag contribution.

o=p(f-1) W) (36)
B Velr .

Qtube = mtubeCpATfluid (W] (3.7)

Qtube = Ucomp AT o¢ (W] (3.8)

3.3.3. Modelling of the Membrane-Based Gas-to-Gas Humidifier

For the modelling of the humidifier, the method presented by Huizing et al. [12] is implemented with a
number of simplifications. Figure 3.10 shows the basic layout and functioning of the humidifier, which
are similar to the heat exchanger presented here above. There is a counterflow in channels that are
separated by a material through which the desired quantity, in this case water, is transferred. The
starting point however is different. Instead of having to determine a certain amount of humidity to be
transferred per second (as is the case with the heating rate Q), it is simply desired that as much water
as possible can be recovered from the cathode exhaust. This is because at practical current densities,
i.e. during nominal operation of the stack, the rate of water removal is in principle always above the
rate of production. [12]

The first important parameter in this sizing process is the ratio R between the residence time of a
moving control volume in the tube 7,, and the time t,; for a molecule of water to diffuse through the
membrane, as shown in Equation 3.9. In general, R should be bigger than 1 to allow enough water
to diffuse. The second parameter is the velocity v inside the channels, given by Equation 3.10. Here,
[, w and h are the length, width and height of the channels, n the total number of channels, D, the
diffusivity of water in air and Q the volumetric air flow. The latter is equal to the mass flow through
the compressor divided by the air density. The dependence of the diffusivity on the temperature is
ignored for the purpose of this thesis, leading to a constant value. The cross-sectional dimensions
of the channels are taken as an input to the process and are based on a range of reasonable values
provided by the original authors. The biggest simplification applied to the original method is that R and
v are also taken as inputs to the problem, with values of 3 and 1.5 respectively, which are in the ideal
ranges suggested by the authors. Instead, originally an iterational process is implemented, with various
intermediate checks of several variables. Now, the system of these two equations can be solved to
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Figure 3.10: Drawing of the humidifier channels, showing the main gas flows as well as the diffusion of humidity through the

membranes. [12]
Reprinted from [12] with permission from Elsevier.

obtain the length of each channel and the number of channels. This leads to a complete geometrical
description of the humidifier, which together with assumptions for the materials and material thicknesses
(as introduced for the purpose of this thesis) leads to the mass of this subsystem. The pressure loss
through the channels is not determined here, meaning that in reality the compressor should produce a
slightly higher pressure to ensure the correct value at the cathode inlet.

7, nlwD,

R=T="0 (3.9)
_ 20
= (3.10)

3.4. Integration of the Fuel Cell System into an Aircraft Sizing En-

vironment
This section contains a description of how the propulsion system model was implemented in an aircraft
sizing environment. As explained previously, this was done in order to perform aircraft sizing and
sensitivity studies. Although this part of the research work is for the most part not specific to FCs,
timewise it made up a majority of the work. Therefore, it is described in quite some detail. The section
starts with a general description of the Initiator, which is the aircraft sizing tool chosen for this project, in
subsection 3.4.1. This is followed by a description of the changes made to the code in subsection 3.4.2.

3.4.1. General Description of the Initiator and its Hybrid Branch

General Description of the Initiator

The Initiator is an aircraft sizing program developed in Matlab at the Faculty of Aerospace Engineering
at the Delft University of Technology. Its main purpose is to obtain a preliminary design of any CS25
aircraft. The main user input is the aircraft XML input file, where the main components such as the
lifting surfaces, the fuselage and the engines are defined in a very basic way, along with the design
missions and a number of assumed constants such as the maximum lift coefficients. Having specified
different settings in various other XML files, the sizing process can be run. At the highest level of detail,
the process consists of three nested loops. The simple sizing methods that are initially used are then
gradually replaced, for instance by a detailed Class 2.5 structural weight estimation of the wing. The
Initiator can produce a large variety of outputs such as payload-range and power loading diagrams or
a three-dimensional rendering of all main components, next to a simple numerical description of the
resulting aircraft. As this suggests, it is a large, complex tool with many capabilities. Due to this, the
implementation of new technologies is not a straight forward task. On the other hand, it does mean that
the snowball effect caused by a different technology can be determined fully. The Initiator performs a
full sizing, as well as structural and aerodynamic analysis of all main components of the aircraft in an
iterational manner. This is especially valuable if, in a later iteration of the propulsion system modelling
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approach of this thesis project, the parasitic drag of the FC engines is estimated properly.

One other reason for having chosen the Initiator is the support available within the Flight Perfor-
mance & Propulsion department. In contrast, another option that was considered in the beginning is
the aircraft design environment called SUAVE, developed at Stanford University.? Its advantages in-
clude being written in Python and being made specifically for the examination of novel technologies.
However, next to a lack of detailed documentation and knowledge within the department, it can also
not be used out-of-the-box to directly size an aircraft. Instead, the user must assemble the process
from various analysis capabilities. As the main focus of this thesis is still on the propulsion system and
not the aircraft sizing in general, it was finally decided to use the Initiator.

Description of the Hybrid Branch of the Initiator

Next to conventional aircraft, the Initiator is also capable of sizing hybrid-electric aircraft. Due to the
differences in the sizing process, this is implemented essentially as a separate branch, meaning that
several major elements of the conventional sizing process such as the mission analysis are replaced
with hybrid-specific counterparts. At the beginning of the thesis project, the Initiator was capable of
sizing either fully electric propulsion systems, or those that are a combination of gas turbines and bat-
teries. Although a liquid hydrogen tank model was being developed for combustion [34], most of it
could not yet be used for this thesis project due to time constraints.

The hybrid sizing methodology implemented in the Initiator is described in a 2018 paper by De Vries
et al. [35] According to the nomenclature used there, a FC propulsion system is equivalent to a serial-
hybrid system, of which the default layout is shown in Figure 3.11. In the case of a FC system, the gas
turbine (GT) is replaced with the FC system and no gearbox (GB) or generator (EM1) are required.
Note that the hybrid branch is also still able to size a conventional powertrain, which is illustrated in
Figure 3.12. There, the shaft is directly connected to the primary propeller (P1). [35] This capability will
be used later to verify the accuracy of the hybrid branch w.r.t. to all components that are not related to
the hybrid system, by comparing the results to an existing conventional aircraft.

In general, for each component i, the sum of power paths coming out (P,,;) needs to be equal to
its efficiency n; times the power paths coming in (B;,): [35]

Zpoutznizpin (3.11)

Furthermore, two power control parameters are introduced as inputs for the hybrid system: the supplied
power ratio @ and the throttle parameter &, which are both shown below. While the former describes the
contribution of the battery to the total power from both sources, the latter describes at what percentage
of its maximum power the gas turbine (or FC) is running. [35] Both most be provided by the user, for
each flight phase.

Pbat

®= 0ot 3.12
Pyar + Pf ( )
P
£=- 6T (3.13)
GT,max

For the serial hybrid system, there is one additional equation, which expresses the fact that only the
secondary propeller (P2) is propelling the aircraft [35]:

Py, = P, (3.14)

In this way, a system of eight equations? is obtained for any given flight phase, such that one can solve
for all power paths. [35]

2See https://suave.stanford.edu/
3Equation 3.12, Equation 3.14 and one each for the components GT, GB, EM1, PM, EM2 and P2 in Figure 3.11
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Figure 3.11: Serial hybrid layout with a gas turbine, taken from the 2018 paper by De Vries et al. [35] The boxes indicate the
different components, whereas the arrows indicate the power paths. In the case of the FC propulsion system considered here,
the GT is replaced with the FC and the GB and EM1 are removed.

Republished with permission of American Inst of Aeronautics & Astronautics (AIAA) from [35]; permission conveyed through Copyright Clearance
Center, Inc.

Figure 3.12: Conventional gas turbine propulsion system layout, as defined in the hybrid branch of the Initiator. [35]
Republished with permission of American Inst of Aeronautics & Astronautics (AIAA) from [35]; permission conveyed through Copyright Clearance
Center, Inc.

The hybrid sizing process in the Initiator consists of two main parts: 1. a wing/power loading de-
termination and 2. a mission analysis. The methodology of the first part is in principle equal to the
standard way that this is done in aircraft design, i.e. there are a number of constraints (such as cruise
or one-engine-inoperative (OEI) conditions) which together form a feasible design space, from which
a design point is selected. The difference here is that this is done for each component (as well some
power paths) separately, in order to size all parts of the system in terms of their power.

The goal of the next step is to determine the energy required from both power sources, as well as
checking whether all components are indeed able to deliver enough power to complete the mission.
Note that for the battery, there are two potential sizing conditions: either according to the power or
the total energy that it must deliver. The Initiator checks which one results in a larger mass and takes
that as the sizing condition. Further details regarding the power control parameters that the user must
provide are given together with the sizing study in section 4.1.

3.4.2. Changes Made to the Hybrid Initiator Code for the Implementation of the
FC System Model

Ideally, the FC system should be implemented as a new engine type, alongside the gas turbine. How-
ever, as this would require large changes, it was instead decided for this thesis project to "hijack” the
gas turbine engine type by adding additional if-statements for FC aircraft. In terms of the definition of
parts in the Initiator, a hybrid system consists of two different engine types: the turbogenerator, con-
taining the components GT, GB and EM1 and the electroprop, containing the EM2 and P2. This allows
more complicated layouts, for instance with only two turbogenerators under the wings and a distributed
propulsion system consisting of electroprops on top of the wings. However, in this thesis the entire
system is placed in the same location under the wings, in the form of the FC engine described in the
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Figure 3.13: Convergence loop of the hybrid branch of the Initiator. Note that the Class 2.5 methods are turned off, due to
which there are no top-level nested loops. Except for the last one, every box corresponds to a separate module.

previous chapter. Therefore, in the aircraft input file, the same amount of turbogenerator and electro-
prop parts is placed at the same locations in pairs under the wings.

Figure 3.13 shows the convergence loop of the hybrid sizing process. Note that no nested loops are
present, as the Class 2.5 methods are turned off. This is because the additional accuracy often comes
at the cost of convergence problems, with these methods being very sensitive to input parameters.
Each block corresponds to a separate module in the Initiator code, except for the last block, where
several have been bunched together as they are not specifically relevant for a FC system. Below, the
most relevant modules are shortly described, and the most important changes made are explained.

Database

The Database module is run once, at the beginning of the process. Its task is to load a number of
reference aircraft and engine databases, as well as a number of constants and control parameters
that are relevant to the hybrid sizing process. The most important change here is that the efficiencies
of the generator and gearbox, which are loaded as constants, are set to 1, effectively turning these
components off. Furthermore, an initial FC efficiency is set equal to 60% for the first iteration of the
process.

Class 1 Hybrid

The first module of the loop is the Class 1 Hybrid module. Normally, a Class 1 estimation just con-
sists of the determination of a design point in terms of wing- and power loading values, as well as of
the main weight figures. The empty mass (OEM) is based on statistics, and fuel fractions are then
used together with the payload to arrive at the maximum takeoff mass (MTOM). However, in the hybrid
case, this is more complex, as the system consists of many interacting components. As described in
the previous subsection, a mission analysis needs to be run in order to determine the fuel and battery
masses. Whereas for the first run, the OEMexBat (empty mass excluding the battery) is determined
from statistics using conventional aircraft, it is subsequently taken from the Class 2 results of the pre-
vious iteration. The first step in the hybrid Class 1 method is the determination of a power loading for
each of the components. This is followed by a mission analysis, which directly results in a fuel mass.
As explained before, for the battery mass, both the mass required for the energy, as well as the mass
for the design power loading (and therefore power) need to be taken into account, with the higher one
being the required one.
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For the gas turbine (and therefore the FC, in this case) two power loading graphs are produced: a
direct and a corrected one, with the latter being decisive for the sizing of the component. It consists
of two corrections. Firstly, the throttle parameter &, which is the second power control parameter that
the user must provide (next to @), needs to be taken into account. If this is lower than 1 for a certain
constraint, it means that the component needs to provide this power at some percentage of its maximum
power, i.e. that there is a power reserve. This reduces the corrected power loading. Secondly, the
effect of the altitude on the gas turbine power needs to be accounted for through a power lapse. This
is where one of the major assumptions for the FC system as considered in this thesis comes into play.
The power lapse is disabled, meaning that a FC produces the same power at every altitude. This is
only valid because, as explained in chapter 4, it is ensured that the sizing condition for the FC is always
cruise, where it runs at or slightly below its maximum power. In terms of the atmospheric conditions,
this is also the most severe phase, as the air pressure is the lowest. Since the compressor is sized for
this, it means that at any lower altitude the system will still be able to provide the same power.

Fuselage Configurator

In this module, the fuselage is built around the passenger cabin and, if required, the hydrogen tank. As
mentioned previously, the tank sizing method that was in development during this project could not yet
be used fully in combination with the FC system. Here, only the part of the code that places the tank
behind the cabin and stretches the fuselage accordingly was used. For the tank sizing, an alternative,
simple method was implemented, which assumes a cylinder with spherical end caps as the shape. The
starting point is the fuel volume, which follows from the known fuel mass and its density. Assuming a
certain volumetric storage density, this leads to a tank volume. Next, it is assumed that the tank radius
is equal to 95% of the fuselage radius. If the fuel volume is larger than the volume of a sphere with this
radius, then a cylindrical part is added in the middle. In any case, a tank length is obtained, leading to
the required extension of the fuselage length.

Class 2 Weight Estimation

In the Class 2 module, the mass of each part is estimated, leading to a value for the OEMexBat. A value
forthe MTOM is also required as an output, as the overall sizing process is based on the convergence of
this parameter. It is obtained by adding the fuel and battery masses from the Class 1 estimation to this
new OEM. In this module, the Python script corresponding to the FC system sizing process presented
in section 3.1 is run, in place of the Class 2 estimation of the gas turbine mass. Note that this process
is a lot more detailed than most of the other Class 2 methods, which consist mostly of semi-empirical
statistical equations. Note also that the mass of the electric motor, being an integral part of the FC
engine from Figure 2.2, is estimated automatically, as it is contained in the electroprop part of the input
file. The tank and the battery, on the other hand, are not yet implemented as separate parts of the
aircraft object. The tank mass is estimated under the “fixed equipment” category, by multiplying the
fuel mass with a constant value for the gravimetric storage density. A typical value of 0.6 is assumed
for this parameter. [34] Its centre of gravity (CG) is taken into account. In opposition to this, the effect
of the battery mass on the CG is ignored. That is because a battery is much more flexible in terms
of its shape, meaning that it can be spread over various parts of the aircraft more easily, for instance
inside the wing or below the cabin floor. Even though the safety concerns related to this should be
investigated, it can be said that it will be possible to integrate the battery into the airframe in a way that
would not negatively affect the stability.

3.5. Validation of Sizing Methods

An important aspect during the development of any modelling approach is the validation of the applied
methods. In this thesis, only very limited validation activities could be conducted due to the lack of
relevant aircraft in the real world. The first such activity is with regards to the specific power of the
FC system, which is one of its main parameters. It expresses in kW/kg how much power the system
can produce per kg of mass. This value is often used in literature to estimate the mass of the system,
given a certain required power. It is often based either on experience or a rough literature review and
is usually in the order of magnitude of 1 kW/kg. Figure 3.14 shows this parameter as a function of the
cruise altitude and the Mach number. At lower speeds and higher altitudes, the compressor becomes
heavier as by default, it always needs to provide sea-level pressure to the stack. Over a reasonable
range of values, the resulting specific power is indeed of the expected order, which in turn means that
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Figure 3.14: Specific power resulting from the propulsion system model alone, plotted at different altitude and Mach numbers.
Both parameters have a direct influence on the compressor inlet pressure. With the default setting for the compressor pressure
ratio, this has a direct influence on the system mass and therefore the specific power.

the resulting FC system mass can be considered realistic. Therefore, the fully physics-based approach
developed in this thesis, which includes the sizing of all subsystems, is, at the first level, sufficiently
accurate.

Next, the distribution of the total mass along the subsystems of the FC system and their compo-
nents can be considered. Such data is difficult to find in open literature. For the PEM stack, two suitable
data sets could be found, which are shown in Figure 3.15. While the exact numbers don’t match, it is
immediately clear that the bipolar plates are the biggest contributor, followed by the endplates. This
makes intuitive sense, as both are metal plates with a certain thickness. But also in general, bipolar
plates are often said to be the heaviest part. While the thin MEA doesn’t contribute much, the mass
of the bolts varies considerably, between around 1 and 17%. This is to be expected, as the design
of the bolts is not directly connected to the performance of the stack. Note that this distribution is not
affected by input parameters such as the output power due to the constants used in the mass model.
Regarding the BOP components, the only mass distribution that could be found in literature is shown
in Figure 3.16. It is presented in a paper by Bradley et al. [36] and relates to an experimental UAV.
Although this severely limits the applicability to the type of aircraft considered in this thesis, a general
trend can again be seen. The heaviest component is the compressor, followed by the heat exchanger.
This former is also confirmed in a general way by other researchers, who do not show concrete num-
bers.

Out of the components of the FC system, the electrically-driven centrifugal compressor is also the
only one for which mass data of commercially available examples can be found. A comparison between
the data and the model implemented in this thesis is shown in Figure 3.17. Note that the range of com-
pressor powers is orders of magnitude lower than what is required for a transport aircraft. Nonetheless,
a good agreement to the data can be seen. One of the main constants that affect the slope is the electric
motor power density. In this case, it is set to 2.2 kW/kg, which is within the range of currently available
technologies.

Since the Initiator has been under continuous development at the faculty for many years, all other
aircraft sizing aspects can be assumed to already be validated sufficiently. Nonetheless, for the sizing
example presented in detail in the next chapter, the conventional reference aircraft was also re-sized
using the conventional branch of the program, in order to verify its accuracy.
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Figure 3.15: Comparison of the breakdown of the stack mass of the model developed here with two examples from open
literature. Note that the input parameters such as the total power are irrelevant, as they do not affect this distribution due to the
constants used in the mass model.
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Figure 3.16: Comparison of the breakdown of the BOP masses from the model developed here with the only equivalent
example that could be found in open literature. Note that the latter is with regard to a UAV, whereas this thesis focusses on
CS25 aircraft. Nonetheless, the general trends can be compared.
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Figure 3.17: Comparison of the compressor mass resulting from the model presented here with openly available data from
commercial electrically-driven FC compressors. Note that the x-values are at a different order of magnitude than what would be
required for a transport aircraft. Nonetheless, the general trend can be used for the purpose of validating the model.






Results

In this chapter, the results obtained with the FC system model and its subsequent integration into the
Initiator are described and analysed. In the first section, an existing passenger aircraft is used as a
sizing example. Its characteristics and resulting design parameters are compared with those generated
using the Initiator, both for a conventional and a FC-powered version. This is followed by sensitivity
studies in section 4.2 and section 4.3. While the former focusses only on the system level, the latter
presents such studies on the level of the complete aircraft.

4.1. Example of an Aircraft Sizing Study: Fuel Cell-powered ATR
72-600

This section contains the results of the sizing study performed using the Initiator and the FC system
model. The ATR 72-600, a regional turboprop aircraft, was used as the reference. Due to the large
number of inputs and the complexity of the Initiator, achieving convergence of the sizing process was
an extensive task. Although it would have been valuable to consider other aircraft, such as for example
single-aisle medium-range turbofan aircraft, the time constraints of the thesis did not allow for this.

Two sets of results are considered here. The first set concerns an ATR 72 sized using the hybrid
branch of the Initiator. One should expect close resemblance with the reference aircraft, but not neces-
sarily an exact match in every characteristic. Thatis because in general, the only inputs are mission and
basic design parameters (such as the spanwise location of the engine), instead of specific constraints
or predefinitions of certain parts of the aircraft. For instance, the planform of the wing is not given as an
input, meaning that it will be defined using the methods contained in the Initiator, which will most likely
not exactly reproduce the original one. In other words, the goal is not to exactly reproduce the ATR 72,
but to size an aircraft that has the same performance and payload characteristics. The purpose of this
set is to check the validation of this branch of the Initiator w.r.t. to parts that are not specific to a FC or
any other hybrid configuration. Although this was already done during the development of the Initiator,
it is good to verify this specifically for the example used in this thesis. Note that for this purpose, a
conventional aircraft, in this case one with two turboprop engines, can indeed be sized using the hybrid
branch, as mentioned before. In that case, the propulsion system layout only contains the components
GT, GB and a primary propeller P1, as shown in Figure 3.12.

The second set concerns an ATR 72 with two FC engines placed at the same absolute locations as
the original turboprops and a liquid hydrogen tank placed aft of the cabin, hereafter to be called FC-ATR
72. This means that the hybrid branch of the Initiator was used together with the FC system model and,
otherwise, exactly the same inputs. Therefore, this aircraft is able to fly the same mission as the real
ATR 72. The purpose of this is to demonstrate the capabilities of the propulsion system model in the
context of a complete aircraft sizing scenario. Also, this allows some more general statements about
FC aircraft to be made, in order to address the third research question, which was shown in section 2.3.
Furthermore, it provides a base for sensitivity studies on the level of the complete aircraft, which are

29



30 4. Results

40 -
35
= L
o) 30
'_
=
25
—©—Class 1
—>——Class 2
20 1 1 1 1 T

1 2 3 4 5
lteration step

Figure 4.1: Convergence history of the FC-ATR 72, in terms of its MTOM. In the last iteration, the difference between the
MTOM values from the Class 1 and Class 2 methods dipped below 5 - 10~3, which is the user-specified tolerance. The duration
of this complete process was around 143 seconds.

presented below in section 4.3.

In subsection 4.1.1, all results are described and compared in general, for both sets. This is followed
by an explanation of how the power control inputs ¢ and ® were selected, as well as of the resulting
power loadings and mission power profiles in subsection 4.1.2. Although the latter is not in its entirety
specific to the FC propulsion system, it is included here in detail due to the amount of work that it
required.

4.1.1. Description of the Overall Results of the Aircraft Sizing Study

The main numerical results of the sizing studies are shown in Table 4.2. The first column shows the
values of the original real aircraft, whereas the two following columns show the two sets of results as
described in the introduction of this section, respectively. Convergence was achieved in five iterations
for the FC-ATR72, as shown in Figure 4.1, and in three for the conventional aircraft (as shown in Fig-
ure A.1). Using a high-end consumer laptop, the former took around 143 seconds, and the latter only
around 47 seconds. This illustrates the high level of detail of the modelling approach for the FC propul-
sion system.

Before comparing the values contained in this main table, a few remarks should be made. For the
first column, the values are in general taken from brochures' that can be found on the website of ATR,
the manufacturer of the original aircraft. The engine mass is obtained from the PW127M variant in the
EASA type-certificate data sheet. The maximum power is equal to twice the highest value found in the
brochures, which is the one-engine-out (OEI) take-off power, times an assumed propeller efficiency of
80%. Therefore, this is not a continuous, but a peak power figure. Even though using this OEl-specific
power setting on both engines might not be a part of normal operations, it does give an indication of the
theoretical capabilities of the aircraft. Note that a value for the gas turbine efficiency could not be found.

For both the second and the third column, there is only a single input mission. Its main param-
eters are presented in Table 4.1. This mission is at a slightly higher range than the harmonic range
of the reference aircraft, which means that the payload is slightly reduced, with 72 passengers being
the maximum design capacity. This mission had previously been used as the main one in the existing
input files of the Initiator, meaning that it was convenient to keep using it here, for instance to compare
with previously obtained results. Note, that the Initiator does have the ability to handle multiple input
missions, as would be the case for a real aircraft sizing scenario. In that case, it would determine the

"mainly from https://www.atr-aircraft.com/wp-content/uploads/2020/07/Factsheets - ATR 72-600.pdf
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Table 4.1: Mission parameters used for both ATR 72 sizing studies. These are equal to one of the points of the payload-range
diagram of the reference aircraft.

Parameter Value Parameter Value
Passengers 70 Take-off distance | 1333 m
Payload 6650 kg | Approach speed | 58.1 m/s
Y A RE TS
Cruise altitude 7 km Loiter time 45 min
Designrange | 1530 km | Diversion range 185 km

harmonic mission and use this as the base for all computations. However, to simplify the modelling,
this capability was not used in this thesis. For the third column of Table 4.2, it is important to note that
the OEM includes the battery and that the engine mass is equal to the FC engines plus the nacelles.

When comparing the first two columns, one can see that the OEM is almost identical, which means
that the mass estimation of all components that are not related to a hybrid system is rather accurate.
A bigger difference can be seen in the MTOM, which is mainly caused by the significantly higher fuel
mass of the reference aircraft. Another parameter that differs significantly is the maximum propulsive
power, leading to a lower power loading as well as heavier engines. Unfortunately, the specific reason
for these inconsistencies could not be found. One possibility is that this is caused by the simplified
engine model which is used in the hybrid branch, instead of the other more detailed model available in
the Initiator. Despite this, meaningful statements about these figures can still be made when comparing
the second and third column. Furthermore, the fuselage length and the wing loading of the first two
columns are close. The latter is tuned mainly with the input CLy 4 values.

Looking at the results of the FC-ATR 72, one will immediately notice a considerable increase in the
MTOM. This is due to the OEM which has more than doubled. While some structural elements have
certainly become heavier as a consequence of the snowball effect, the main contributors to this drastic
change in empty mass are the engines and the battery. The FC engines are more than eight times as
heavy as the original turboprops, which is not only due to the higher cruise power, but also due to the
comparably much lower power density. Furthermore, the maximum propulsive power has increased
as well, while having roughly kept the same power-loading as in the conventional sizing study.

Despite this higher take-off mass, the fuel mass is still lower than that of the kerosene in the refer-
ence aircraft, which can be expected due to the higher gravimetric energy density of hydrogen. Even
though a doubling in empty mass seems dramatic at first, one should keep in mind that this aircraft has
exactly the same mission and performance capabilities as the reference aircraft and that the design
has converged. Furthermore, as explained more in detail in section 4.3, varying the range will only
have a small effect on the empty mass, meaning that there is also some flexibility in the design point.
More attention will only have to be paid to those inputs which increase the maximum power, as that
would significantly change the engine mass and hence the OEM. Therefore, the larger total mass is
not necessarily a problem when considering the bigger picture, at least from the point of view of the
technical feasibility. Also shown in the table is an increase in fuselage length by roughly 5.4 m, which
is the length of the liquid hydrogen tank. Furthermore, it is interesting to note that the difference in the
efficiency of the main power converter (i.e. the gas turbine or fuel cell) is less than expected. The low
FC system efficiency is mainly due to the large power utilisation of the compressor. In fact, the cell
efficiency during cruise is equal to 49%.

Table 4.3 shows a breakdown of the component masses that are related to the propulsion system
of the FC-ATR 72, for both engines combined (where applicable). It is interesting to note that the FC
systems weigh roughly as much as the electric motors. Furthermore, the hydrogen tank is actually
heavier than the fuel itself. Figure 4.2 and Figure 4.3 show an isometric and a top view of the FC-ATR
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Table 4.2: Main results of the FC-ATR 72 example sizing study, compared with the existing reference aircraft and a
corresponding conventional one sized with the hybrid branch of the Initiator. The percentage values are w.r.t. to the previous
column, respectively.

Original | Conventional in Initiator | Fuel cell in Initiator
MTOM [kg] 23000 21908 (-4.7%) 38870 (+77.4%)
OEM [kg] 13450 13477 (-0.2%) 31265 (+132.0%)
FM [kg] 2900 1781 (-38.6%) 956 (-46.3%)
BM [kg] - - 2882
Engine mass (all) [kg] 964 1346 (+39.6%) 8146 (+505.2%)
Fuselage length [m] 27.2 26.1 (-4.0%) 31.5 (+20.7%)
Max propulsive power [MW] 3.24 4.83 (+49.1%) 8.51 (+76.2%)
Max propulsive power loading [N/W] | 0.0696 0.0414 (-40.5%) 0.0448 (+8.2%)
Wing loading [N/m?] 3699 3690 (-0.2%) 3648 (-1.1%)
GT/FC efficiency (ng7) during cruise ? 0.38 0.43 (+13.2%)

Table 4.3: Mass breakdown of the propulsion system components (in the wider sense) of the FC-ATR 72. The summation of
the left half corresponds to the engine mass shown in the Table 4.2.

Component Mass in kg | Component Mass in kg
FC stacks 1834 Battery 2882
Compressors 876 Hydrogen tank 1594
Humidifiers 447 Cables 233
Heat exchangers 792

Electric motors 3618

Nacelles 518

72, respectively. The latter also shows a comparison with the conventional aircraft sized in the Initiator.
What can be seen immediately is the space behind the passenger cabin, where the hydrogen tank is
placed. Moreover, the effect of the identical wing loading and aspect ratio at an increased MTOM can
be seen in the increase in the chord lengths and the span. Finally, despite having a larger moment
arm, the horizontal tail surface is larger. This not only due to the increased mass, but also the location
of the hydrogen tank far away from the wing. Note that neither the tank nor engines are rendered in
the isometric view. This is because the 3D rendering capabilities of the Initiator were not used in the
FC system and tank models.

4.1.2. Description of the Power Control Input Parameters Used for the Sizing
Example

Whether or not the design of the FC-ATR 72 converges is highly dependent on the power control
parameters ¢ and ®. The values used to generate the results shown in the previous subsection are
presented in Table 4.4. In the first half of the table, the parameters used for the determination of the
component-wise power loading are shown. A selection of the most relevant power loading diagrams
resulting from these is shown in Figure 4.4. The values of £ and ® are chosen for each constraint
according to three general principles:
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Figure 4.2: Isometric view of the FC-ATR 72. Neither the hydrogen tank nor the engines are shown here, for reasons explained
subsection 4.1.1.

Passenger cabin LH tank

Figure 4.3: Top of view of the FC-ATR 72. Note that the engines are not shown. This is because it was generated manually
from a top view of the 3D model of Figure 4.2. The dotted lines indicate the conventional ATR 72, sized using the hybrid branch
of the Initiator.
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1. The FC should always work as close as possible to its maximum power (i.e. ¢ should be as close
as possible to 1), except for the landing

2. The battery should only be active during the phases that require more power than cruise, with a
@ which is as low as possible

3. For the FC, the cruise constraint should be sizing

The first two principles encompass the general idea of the hybrid configuration for a FC aircraft. The
FC should be able to provide enough power for cruise, but not significantly more, in order to limit the
mass of the propulsion system in connection with the low power density of FCs. During the other flight
phases, it will run at the same power. @ in turn should be as low as possible to limit the mass of the
batteries.

The third principle is not necessarily required for a hybrid system, but is used in this thesis project
to simplify the situation. If another constraint was sizing for the FC, then the system would have to
be sized twice, i.e. by two different constraints, with different atmospheric conditions. On one hand,
the sizing constraint would result in the maximum power that the FC system would have to produce,
i.e. it would determine the total stack area and therefore also the mass of this component. On the
other hand, the cruise constraint would in that case be sizing for the BOP, as at the cruise altitude,
the most severe atmospheric conditions (mainly w.r.t. the pressure) are encountered. Consider an
example where a constraint at sea-level was sizing: in that case, no compressor would be required
at all. The compressor would however still be required for cruise. To satisfy this condition, one might
have to reduce ¢ at cruise in order to force the constraint to become sizing. This was indeed the case
for this sizing study, as shown in the next paragraph.

In Figure 4.4a (the corrected power loading diagram for the FC), the cruise constraint is sizing, with
the OEI balked landing constraint being just slightly higher. To achieve this, ¢ during cruise had to be
reduced to 0.9 and & during this OEI constraint had to be increased to 0.42, as shown in Table 4.4.
The effect of the former can be seen when comparing with the non-corrected power loading diagram
of Figure 4.4b. As described in subsection 3.4.2, the only correction applied between Figure 4.4a and
Figure 4.4b is due to &. Although this value for ¢ is somewhat in contradiction with the first principle
from above (as it is smaller than 1), it is necessary to satisfy the third principle. Nonetheless, some
other positive effects can be derived from this value of £. Firstly, in this way the fuel cell has a certain
reserve in terms of power during cruise, meaning that it could for example still climb in an emergency
situation where there is a problem with the battery. Secondly, this also reduces the battery mass, as
this reserve can be used during the high-power phases such as climb. Thirdly, the FC efficiency during
cruise is increased, reducing the fuel mass. Note that in the power loading diagrams in this subsection,
only the design point for maximum wing loading is shown, to minimise the wing size. Although the
Initiator is capable to also consider other design points, for instance to minimise each of the propulsion
system components, this is not used here, again in order to simplify the situation.

An important thing to realise at this point is that for the FC-ATR 72, the battery is in fact sized ac-
cording to its power and not its energy requirement. Even though it is a close call (2401 kg for energy
and 2882 kg for power), it means that Figure 4.4d, the power loading diagram of the battery, must
be considered as well. As can be seen, the battery is sized by the take-off constraint. Lowering the
corresponding ® would reduce the battery mass. However, this would also lower the corresponding
line in the corrected FC power loading graph, as the FC would then have to take over more power for
that constraint. This in turn would violate the principle that the FC should be sized by cruise, as the OEI
balked landing and the TO constraint intersect the given wing loading practically at the same position.
This means that the take-off constraint is, in this situation, already optimal. Considering all diagrams of
Figure 4.4 together, one can see that the other constraints are not currently active, which is why their
@ was arbitrarily set at 0.4. Finally, note that the electric motors are sized by the OEI balked landing
constraint as well, as shown in Figure 4.4c.



4.1. Example of an Aircraft Sizing Study: Fuel Cell-powered ATR 72-600 35

Table 4.4: Hybrid system power control input parameters used for the FC-ATR 72 sizing study.

Power loading constraint | & ¢ Mission analysis phase | &tart | Send | Pstart | Pena
Cruise 09| O Climb 0.8 1 0 0.3
Landing 0 0 Cruise - - 0 0
Take off 1 0.4 Descent 0 0 0 0
Balked landing 1 0.42 Diversion climb 0.9 1 0 0.1
OEI ceiling 1 04 Diversion cruise - - 0 0
OEI 2nd segment 1 04 Diversion descent 0 0 0 0
OEl initial 1 0.4 Loiter - - 0 0
OEl trans 1 0.4
ROC AEO 1 0.4

Next, the choice of the parameters of the second half of Table 4.4, i.e. for the mission analysis of
the hybrid Class 1 method needs to be explained. Note that for each flight phase, both parameters
can be given different values for the start and the end of the phase. The basic principles are the same
as for the power loading parameters: ¢ should be equal to 1 or slightly lower for all phases except the
descents, with @ being bigger than zero for all climb phases. However, for the horizontal phases, ¢ is
solved for by the powertrain sizing methods and therefore doesn’t need to be specified by the user.

The correct behaviour of the propulsion system during the mission can be verified by considering
Figure 4.5. Figure 4.5a contains the time history of the power control parameters. Indeed, ¢ and ®
are exactly as specified for the climbing phases. For the main cruise phase, ¢ is roughly equal to 0.95,
reducing very slightly as some of the hydrogen is consumed. This is in line with the ¢ at cruise defined
in the power loading part. During the loiter phase, ¢ is significantly lower, as the horizontal flight there is
done at a lower altitude and speed. These statements are also consistent with Figure 4.5b, where the
power sources along the flight are shown. Note that the different lines in both subfigures correspond
to the five iterations required to achieve convergence, as shown in Figure 4.1. With each iteration, the
MTOM increased, which means that the highest line in each subfigure corresponds to the final design. It
is interesting to consider the lowest fuel power source line in Figure 4.5b (i.e. the one that corresponds
to the first iteration). Its distance from the next line is much larger than for later iterations, which is not
the case for any of the lines in the first subfigure. In fact, this is due to the initial, overly optimistic guess
for the efficiency of the FC system of 60%, mentioned first in subsection 3.4.2. In combination with the
initial low value for the MTOM, which is mostly a result of the statistical OEM estimation derived from
conventional aircraft, this causes a much lower fuel consumption in the first iteration. Subsequently,
the FC efficiency and MTOM change to more realistic values, resulting from the FC system model and
the Class 2 weight estimation respectively. This then causes an instantaneous jump in the fuel power.

The values shown in Table 4.4 were determined either by adhering to specific design choices (such
as requiring the FC to be sized by the cruise constraints) or through a rough manual optimisation, with
the minimisation of the battery mass as its goal. Better results, in terms of a smaller propulsion system
and a lower fuel mass, could certainly be achieved through a numerical optimisation of this problem and
by considering other options for some of the choices. However, automating this optimisation presents
a very complex problem from a mathematical point of view and is therefore far beyond the scope of
this thesis project.

Note that in the choice of the power control parameters, it can happen that the power loading be-
comes incompatible with the mission analysis if the values from both sides of Table 4.4 are too different.
For instance, it could happen that the power of the battery, resulting from its power loading, becomes
too small to satisfy the & values during the climb phase. In that case, the Initiator will automatically
scale up this component during the mission analysis, to ensure that it always converges to a consistent,
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Figure 4.4: Power loading diagrams for various parts of the FC-ATR 72 propulsion system, resulting from the power control
parameters shown in Table 4.4. All power loadings are related to the components and not the power paths. The design point
corresponding to the maximum wing loading is shown as well. Note that the y-axes of Figure 4.4a and Figure 4.4b mention a
"gas turbine”, even though they are in fact fuel cells. This was left here on purpose, to once again illustrate the way in which the
FC system model was implemented in the combustion-based hybrid branch of the Initiator.



4.2. System & Subsystem Level Sensitivity Studies 37

10 T T
Throttle
Supplied power ratio
0.7 : D
w
o 06 —
g g
S =
g =
§O.5 - %
9 o
é 04} §
3 o
% n
o 03
0.2
0.1
O . Il - Il
0 100 200

Time [min] 0 100 200 300
Time [min]

(a) Evolution of the throttle () and the supplied power . L

ratio (®) along the mission (b) Evolution of the power sources along the mission

Figure 4.5: Power profiles resulting from the Class 1 Hybrid mission analysis. The different lines correspond to the five
iterations shown in Figure 4.1, which were required to achieve convergence.

feasible design. In general, it was ensured that this does not occur to a significant extent during the
generation of the results presented in this chapter. Even though it will still be a valid result, the direct
connection to the user inputs would be lost, making their analysis less valid.

4.2. System & Subsystem Level Sensitivity Studies

In this section, several system-level sensitivity studies are presented. These were performed by vary-
ing the inputs to the FC system model, in isolation of the complete aircraft sizing procedure. Unless
mentioned otherwise, all studies were performed at an input power of 1 MW, an altitude of 5 km, a Mach
number of 0.3, a cell voltage oversizing factor of 0.2 and a system voltage of 500 V. These values are
in the range of what can be expected for a small regional aircraft.

The first two sensitivity studies to be presented here examine the effect of two important subsystem
design parameters on the mass distribution of the FC system and its efficiency, namely the compressor
pressure ratio f and the cell oversizing factor. Both are currently set as a constant, to be chosen by
the user. Therefore, it is important to understand their effect on the resulting system, especially in the
context of potential future numerical optimisations.

It should be mentioned why the parameters in this section are only examined on the level of the
system and not of the entire aircraft. The main reason is that performing this type of study on the level of
the aircraft is more complex, not only because the generation of each data point takes several minutes,
but also because strong variations away from the design point of the aircraft that is considered (in this
case the FC-ATR 72) can in some cases cause conflicts with some of the assumptions, causing the
design to not converge anymore. This is especially the case w.r.t. the power control inputs. Although
this does limit the scope of the results presented in this section, one can still reason logically at the
level of the aircraft. For instance, in most of the studies, the resulting FC system efficiency is analysed
as well, allowing conclusions to be made about the extended effect on the fuel mass. However, some
parameters, such as the take-off distance, can simply not be examined using just the FC system model,
requiring the use of the Initiator sizing procedure, as presented in section 4.3.
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Figure 4.6: Effect of the compressor pressure ratio 8 on the mass distribution of the FC system and its efficiency. The range of
values of the x-axis shown here is roughly equal to those that are needed to provide sea-level pressure to a stack for an aircraft
flying at a typical cruise altitude and a moderate Mach number.

4.2.1. Effect of the Compressor Pressure Ratio on the FC System

In Figure 4.6, the compressor pressure ratio § is varied while the altitude is kept constant at 7 km (i.e.
equal to the cruise altitude of the FC-ATR 72). At this altitude, a ratio of approximately 2.5 corresponds
to the sea-level pressure. Since g is varied freely, the experimental voltage loss model has to be used.
As expected, the compressor gets heavier with increasing f as it needs to "work harder”. At first, one
might expect the stack mass to decrease at the same time, as the voltage losses are reduced, causing
an increase in cell voltage as well as power density, as shown in Figure 4.10. The latter in turn leads
to a smaller cell area. Both effects together could then theoretically result in an optimal point for the
total mass. Instead, the stack mass barely changes. That is because the cell area needs to in turn in-
crease again in order to make up for an increase in the compressor power which it needs to additionally
produce. At the same time, both the heat exchanger and the humidifier become slightly lighter. This
is respectively due to a reduction in heat production and in the cathode inlet mass flow, both of which
are due to the improved cell efficiency (see Equation 3.4 and Equation 3.6). Nonetheless, the total FC
unit mass still steadily increases. Although this might suggest that  should be minimised, one needs
to also take into account that the FC system efficiency is affected as well, which in turn changes the
fuel mass. Therefore, this parameter should in future studies also be considered on the level of the
complete aircraft.

Having made use of the experimental voltage loss model above, it is interesting to also consider a
situation where no compressor is present at all. This is plotted for different altitudes in Figure 4.7. The
pre-compression effect due to the non-zero Mach number is still taken into account. As expected, the
stack mass increases significantly at higher altitudes as the cathode inlet pressure is reduced, causing
a lower cell efficiency. This also leads to a heavier heat exchanger and humidifier. The main takeaway
from this consideration is that a compressor is most likely beneficial. However, it does not necessarily
need to provide sea-level pressure. A reduction of the compression ratio w.r.t. this condition would
reduce the compressor mass, while causing a slight increase in the other BOP masses as well as the
fuel mass. Therefore, this is another trade-off that should in future studies be performed at the level of
the entire aircraft.
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Figure 4.7: Effect of the altitude on the mass distribution of the FC system and its efficiency, given that no compressor is
installed.

Considering this, one of the main simplifying assumptions in the compressor model is the fixed isen-
tropic efficiency 1,5 comp- The effect of a change in this parameter is shown in Figure 4.8. As expected,
a more efficient compressor is also lighter, at any given altitude. Note that here, g is again chosen in
the default way. Another consequence is that the power consumption of the compressor is reduced
leading to a smaller stack area and therefore a lighter stack. This shows that implementing a proper
loss model for the compressor would have a significant influence in terms of the overall system mass.

4.2.2. Effect of the Cell Oversizing Factor on the FC System

A similar study can be done with the cell oversizing factor as shown in Figure 4.9. This was again
performed at an altitude of 7 km. The input power was also changed to 3 MW to produce a clearer
result. Increasing the oversizing factor leads to a higher cell voltage but a lower power density. This
is different to the effect of 8, where both the voltage and the power density increase simultaneously.
Instead, a bigger oversizing factor shifts the design point of the cell to the left of the polarization curve,
where the efficiency is higher at the cost of a lower current density, as shown in Figure 4.10. There-
fore, the stack mass increases due to a larger area, whereas the mass of the other BOP components
decreases due to a reduced mass flow and heat rate. An optimal point in terms of the total FC system
mass can be found around a factor of 0.25. It is interesting to compare this with the default value of
0.1 which was chosen initially. Again, the change in fuel mass must be taken into account as well in
the future in order to optimise this factor considering the complete aircraft.

4.2.3. Effect of the System Voltage on the FC System

The main performance input to the FC system model, the required output power, is not interesting to
consider in the type of sensitivity studies shown in this section at it simply scales up the entire system.
The system voltage does however merit a short consideration, especially in connection with the num-
ber of stacks in a single FC unit. As shown in Figure 4.11, increasing this voltage in general reduces
the mass of the stack since the relative effect of the non-repeating hardware is reduced. This is be-
cause if the total area is to stay constant (such that the output power doesn’t change) but the number of
cells reduces, the area of each cell must increase, leading to larger endplates, which then also affects
the clamping bolts. Note however that the stack mass model implemented here relies on a number
of constants, which means that the validity of this graph away from the centre of the x-axis becomes
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questionable, as this is the expected voltage (considering other electric transport vehicles) for which
the constants were, roughly speaking, chosen. Obviously, the stack mass does not reach infinity at
a low number of cells. This shows that to improve the generality of the propulsion system modelling
approach, the constants of the mass models should be converted to variables. Also shown in this graph
is the resulting mass for a FC unit with two stacks in series instead of just one. This essentially doubles
the mass contribution of the endplates, causing a step-increase in the mass. This shows that, depend-
ing on the exact magnitude of this increase, a voltage converter might be beneficial, even though its
efficiency would then have to be considered as well. This would again cause a slight increase in stack
mass due to an increased power requirement.

4.3. Aircraft Level Sensitivity Studies

Thanks to the integration of the FC system model in the Initiator, sensitivity studies can also be per-
formed on the level of the complete aircraft. This becomes especially interesting when done with
mission parameters such as the range, as they cannot be examined using just the propulsion system
model. All studies performed in this section were done using the FC-ATR 72. Note that one of the
difficulties here is that each data point requires a full run of the Initiator, which by itself takes several
minutes.

4.3.1. Effect of the Design Cruise Range and Cruise Mach Number on the Entire
Aircraft

First, the effect of the design range on some of the main mass parameters is analysed. This is shown
in Figure 4.12. Since only the FC runs during cruise, the fuel mass increases with the range. Note
however that, to start with, this mass is already quite low, with a mass fraction of only 2.46% (see
Table 4.2). Due to the snowball effect, this causes an increase in MTOM. It can also be seen that the
battery mass barely changes. It only delivers power during the climbs, which means that the range
doesn’t affect the energy required in the battery, beyond the simple snowball effect through the MTOM.
For the FC-ATR 72 though, the battery is in fact sized by the power required. This power required
during climb is only very slightly increased, due to the higher overall mass.
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These results suggest that a FC aircraft is in fact less sensitive to the design range than for example
a battery-electric one. At any given design point, a given increase in range will increase the energy
needed for cruise. Due to the much higher gravimetric energy density of hydrogen as compared to
modern batteries, this will cause only a small increase in overall mass for the FC aircraft. For a bigger
change in range, the battery-powered design might become infeasible. What needs to be kept in mind
for a FC aircraft though are parameters which increase the required power. As shown in Table 4.3, the
FC systems and the EMs contribute roughly the same amount to the engine mass, which is already
much higher than that of the original ATR. For the former, the cruise power is decisive, whereas for the
latter, is it the power resulting from the OEI balked landing constraint.

Since the latter is identical for a battery-powered aircraft, the cruise power is considered next. One
of the main parameters influencing this is the flight speed, i.e. the cruise Mach number. Its effect on the
aircraft level is shown in Figure 4.13. As expected, the mass of the FC units increases, as more power
is required during cruise to fly at higher velocities. This also directly causes more fuel to be consumed.
The effect of both on the MTOM can be clearly seen. Note that only a small range of Mach numbers
is shown, as the design quickly converges unless other inputs such as the power control parameters
are varied at the same time. Anyway, it is difficult to compare the effect of a change in the range to a
change in the Mach number, considering the bigger picture. The purpose of this figure is just to prove
the effect that a change in a requirement affecting the cruise power has on a FC aircraft.

4.3.2. Effect of the Take-Off Distance on the Entire Aircraft

The next mission parameter that is of interest is the take-off (TO) distance, of which the effect is shown
in Figure 4.14. Around the original distance of 1333 m, an increase in the distance causes a clear
reduction in the battery mass. This is because the power needed to accelerate to the fixed rotation
speed reduces if a longer runway is available, and, as mentioned before, the battery is sized by its
power requirement at the chosen design point of the FC-ATR 72. Through the snowball effect the
MTOM and therefore the fuel mass are affected as well. When considering longer distances, the sit-
uation changes. After around 1500 m, the distance stops having an effect on the battery mass. In
fact, at this point, the battery mass in terms of the energy becomes higher than that needed for power.
As no other components are sized by the TO requirement, it stops having an effect on the MTOM as
well. Note that the TO phase is only taken into account in the power loading computation and not the
mission analysis, as can be seen in Table 4.4. If the latter was the case then a slight increase in all
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masses would still be visible, as some fuel would be consumed during that very short phase of the flight.

Figure 4.14 shows the resulting masses at two different values for ®.;;,p eng- If this value is in-
creased, then the battery takes over a larger portion of the power towards the end of the mission
analysis climb phase. In the first half of the figure, this has no effect on the battery mass as this is sized
by the TO requirement in terms of its power loading. In the second half, where the battery is sized by
its energy from the mission analysis, it does make a difference. This then also causes a difference in
MTOM and fuel mass. The results from this sensitivity study illustrate one of the main difficulties that
arise in the optimisation of such a complex propulsion system. One might initially start focussing on
a certain set of input parameters but as the optimisation advances, some of these parameters might
stop having an effect, which would then require manual intervention to keep converging towards an
optimum. Even bigger changes in the logic of the sizing, such as the battery being sized either by its
power or energy, can also happen. A proper numerical optimisation will therefore have to consider all
input parameters, which will make it a very large problem.

4.3.3. Effect of the Cruise Altitude on the Entire Aircraft

Although the effect of the cruise altitude was already examined on the level of the system in Fig-
ure 3.14, it does merit a short investigation in the context of the complete aircraft. Its effect is shown in
Figure 4.15. Around the original value of 7 km, all masses increase, mainly due to a higher compressor
mass. However, at lower altitudes, the masses show the opposite trend. The reason for this remains
to be considered in detail in the future. However, one possibility is an initial increase in aerodynamic
efficiency of the aircraft with a reduction in air density.

Not yet considered in this section are the electric motors. As can be seen in Figure 4.4c, they are
sized by the OEI balked landing constraint. As the electric motors (EM2) are almost at the end of the
propulsion chain (see Figure 3.11), a change in the power split between different sources does not
have any effect. Instead, only a change in the absolute value of the propulsive power, mainly through
a change in the corresponding constraint in the power loading graph would change the component
mass. However, the parameters of this constraint (such as the required climb rate), are given by the
certification specifications (in this case CS-25) and can therefore not be changed by the designer.
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Conclusions & Recommendations

This final part of the thesis provides the opportunity to reflect on the development of the methods as well
as the results obtained from their application. First, various conclusions are made regarding the sizing
study and the sensitivity studies in section 5.1, mainly in connection with the research questions. This is
followed by a number of recommendations for improvements and further developments in section 5.2.

5.1. Conclusions

The aim of this thesis project was to address some of the deficiencies in the current state of research
into the sizing and design of FC aircraft by proposing a new set of methods for the application in a
preliminary aircraft sizing process. The central deficiency, on which the main focus was placed, is ex-
pressed in the first research question: how can the accuracy of the weight estimation be improved?
The answer consists of a number of different aspects, all of which were demonstrated in the set of
methods proposed here. Firstly, it is necessary to zoom in further on the system, i.e. to go to the level
of the subsystems, instead of just seeing the FC system as a black box with a given specific power.
Secondly, it is necessary to rely mostly on physics, since there is essentially no statistical data as no
such commercial aircraft have flown. Thirdly, it is important to note that at this level, the mass estima-
tion becomes entangled with that of the performance, meaning that the latter must be included within
the same set of methods as well. Fourthly, at least initially, certain choices must be made for the layout
of the system and the type of components to be considered, as a FC system can take many different
shapes and forms, especially when considering the placement on the aircraft.

At the time of writing, sizing approaches with these characteristics did exist, but only with regard to
single parts of the system. Some of these were reused in chapter 3. In other research papers, only
specific aircraft were considered or approaches were taken which do not agree with the aspects above,
thereby forming the research gap. Therefore, considering the state of research at the time of the litera-
ture study phase of this thesis project, this is, to the author’s best knowledge, the first instance of such
as set of general methods presented in open literature. The focus here was not on the development
of new theory or completely new single models, but rather on showing how existing knowledge can
be effectively combined, taking into account the larger picture of the application to an aircraft sizing
process.

Considering the contribution to research, a mere proposal does not suffice. An equally important
part is the application of the proposed methods, in order to prove their suitability and to demonstrate
their capabilities. In this case, it is also required in order to answer the second and the third research
question. The first part of the application consisted of a sizing study using an existing regional turboprop
aircraft as a reference. It was shown that the propulsion system model can be used within a complex
aircraft sizing environment and that the main characteristics of the results, such as the specific power
of the FC system, meet the expectations. The integration within such an environment is especially in-
teresting, as it enables a more detailed consideration of the snowball effect. For instance, the effect of
the hydrogen tank on the overall aircraft could be considered not just in terms of the fuselage stretch,
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but also the associated increases in empty weight and drag, leading to a higher MTOM and power
requirement. Also, a larger level of detail could be achieved in the results, especially considering the
subsystems. Similarly, more detailed input conditions such as the cruise altitude and speed could be
considered, which would not be possible if a simple approach such as a constant specific power was
used. Furthermore, this is simply an interesting example for the application of this new technology,
as such an aircraft will most likely be one of the first FC powered airliners, in terms of the number of
passengers and the range.

The second part of the application of the models consisted of sensitivity studies, first applied only
to the FC system model and later to the complete aircraft sizing procedure. The first goal of this part
was to show the added value of this modelling approach. Studies such as those presented here, for
instance regarding the effect of various atmospheric conditions on the mass distribution of the system,
were not previously possible. The compressor pressure ratio f was identified as one of the most criti-
cal inputs, as it directly influences the result in two ways: through the compressor mass as well as its
power requirement, which are both significant. It is interesting to note that performance-wise, providing
less than sea-level pressure to the stacks might be beneficial. Beyond these concrete results, some
broader statements about this new type of aircraft could be made following these results. For instance,
it was shown that the range is much less critical than for propulsion systems, which rely on batteries
as the only power source. Instead, the power required during various flight phases drives the design,
mainly through the weight of the propulsion system. This underlines the increased importance of this
mass parameter on the aircraft level, as compared to conventional, gas-turbine-powered designs.

So far, most conclusions from this thesis project are directly in relation to the research questions
and the proposed set of methods. Following the development of the latter, their integration into an
aircraft sizing environment was performed, having made the choice for the in-house Matlab tool called
the Initiator. Although this is not of general scientific relevance, it should be mentioned that, time-wise,
this implementation process accounts for a large amount of the work that was done. Most notably, this
presents the first time that a FC was used in the Initiator. Beyond this, minorimprovements and bugdfixes
were made during the coding process, presenting another valuable contribution to this research tool
which is in continuous development at the faculty. In particular, one significant problem with respect to
a missing battery mass in one of the MTOM summations of the hybrid branch was uncovered and fixed.

To conclude, in this thesis, a set of methods was presented from which a model was developed,
which was then successfully applied to various sizing problems. The initial research questions were
addressed, and additional insights were gained into the behaviour of FC aircraft during the design
process. Not only does this form a starting point for further work on such propulsion systems within the
Initiator, it can also be seen as a contribution to research in general, being one of the first generalised,
physics based approaches to the sizing of a FC propulsion system.

5.2. Recommendations

Although the development of the model and the subsequent integration were successful and interest-
ing results were ultimately obtained, many simplifying assumptions were introduced. Therefore, many
improvements can still be made in future iterations of the modelling approach. Considering the stack,
both the mass and the performance modelling can be improved in several ways. Firstly, some of the
constants used in the former should be transformed into variables, such as for example the thickness
of the endplates, which could be expressed as a function of the cell area or the number of cells, based
on a database of existing designs. As already proposed, the bolts should be sized structurally, for
which a way to determine the required mechanical pressure on the stack must be found. Furthermore,
regarding the performance, a more detailed voltage loss model should be added to the polarization
model. Despite extensive search, no analytical models could be found which express these losses
as a function of the inlet conditions. Instead, reliance on better experimental data might be the way
forward. In any case, this would allow a more flexible choice of the compression ratio .
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Similarly, a suitable loss model should be found for the centrifugal compressor. According to an
expert who was consulted during the development, this is an active area of research. Furthermore,
a more detailed consideration of the electric motor and the bearing assembly should be included. An
interesting option to include in the model as an alternative to the EM would be to drive the compressor
by the exhaust gasses. This might reduce the mass of the system, but would increase its complexity.
Regarding the other BOP components, the internal pressure losses or drag should be considered more
in detail, as already proposed for the heat exchanger in the original paper that was used as a reference.
Regarding the humidifier, the iterational process shown by the original authors should be implemented
as well. Finally, in all cases, constants such as the material thicknesses should be considered in detail.

Regarding the FC engines, the most important improvement will be to determine their physical de-
sign & layout, i.e. how the different subsystems are arranged within the nacelles. Fortunately, the
geometric design of each subsystem follows from its mass modelling. Also, the Initiator already con-
tains such capabilities for each part type. Multiple reasons exist for this improvement. Most importantly,
it would allow a determination of the parasitic drag, given the frontal and wetted areas. This is currently
completely omitted. It would also allow a more detailed consideration of their placement on the aircraft,
for instance w.r.t. to the distance to the ground. Moreover, it could enable more advanced studies
from a knowledge-based engineering perspective, such as an automated computational fluid dynam-
ics analysis within the main sizing loop that would be facilitated by the existing 3D model. Next to this,
additional subsystems, such as a voltage converter or a hydrogen recuperation system, or other types
of the same subsystems, such as evaporative cooling, might be interesting to introduce.

The biggest improvement to be made on the level of the aircraft sizing process is the development of
a new engine type in the Initiator as currently, the gas-turbine code of the hybrid branch is "hijacked” for
this purpose. Furthermore, it would be interesting to attempt an automatisation of the optimisation pro-
cess, mainly in application to the power control parameters or important subsystem design parameters
such as g or the voltage oversizing factor. In connection to this, some of the specific design choices
such as requiring the compressor to provide sea-level pressure should be relaxed. In that case, how-
ever, the FC system model would have to use more than one flight phase as an input. Already included
in the Initiator are various Class 2.5 methods, which should be enabled for an FC aircraft sizing study.
It would be especially interesting to consider the influence of the lack of fuel in the wings in combination
with the heavier engines on the structural weight of the wing. Two other important components are
the hydrogen tank and battery, which are currently not yet included in the Initiator as separate parts.
Especially regarding the latter, this would allow a more detailed consideration of the CG as well as the
physical integration in the aircraft. Finally, with respect to real-world sizing scenarios, multiple input
missions should be used.

When implementing most of the improvements and extensions mentioned here above, one most
keep in mind the balance between the generality of the method and its level of detail. Increasing the
latter will most likely require the further specialisation to CS-25 aircraft, meaning that the development
of a separate modelling approach for other certification classes might be interesting. Another general
remark is that the validation should be improved. Although this is currently challenging, it will become
easier as more research is done and the first aircraft are introduced in the market. Finally, sizing studies
of different categories should be made, especially of medium-range single aisle or smaller aircraft in
the range of 20 seats, in addition to other types of sensitivity studies that were not considered here.






Additional Results for the Conventional
ATR 72 Sized in the Initiator

This appendix contains certain additional results from the sizing of the conventional ATR 72-600 in the
Initiator. These results are not directly (or at least not extensively) used in the chapters above and are
therefore just presented here, for further reference or comparisons.
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Figure A.1: Convergence history of the conventional ATR 72 sized in the Initiator, in terms of its MTOM. The corresponding
graph for the FC-ATR 72 is shown in Figure 4.1. Note that here the slope is negative, instead of positive.
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Figure A.2: Isometric view of the conventional ATR 72 sized in the Initiator. The corresponding rendering for the FC-ATR 72 is
shown in Figure 4.2. Note that the tailcone starts directly after the cabin, as no fuel tank is present in the fuselage. Instead, the
kerosene tank is now visible in the wing. Furthermore, just as in Figure 4.2, the engines are not shown.
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