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Abstract

The aviation sector is making several efforts to reduce its climate impact as the demand for air travel is expected to

rise. These efforts include the development of novel propulsion systems that would reduce the emissions produced by

aircraft. Proton exchange membrane fuel cells are considered a promising system for reducing emissions. However,

their integration into an aircraft brings many challenges. Fuel cells have a significantly lower power density than

conventional internal combustion engines. Their low operating temperature results in heavier heat exchange systems

and increased drag, and substantially increases the system complexity due to the auxiliary system required and

hydrogen storage.

One way to improve fuel cell performance is to operate it with oxygen enriched air. This thesis evaluates the

impact of such an operation at aircraft level. This is achieved by performing the preliminary design of a regional

aircraft where a developed fuel cell propulsion system model is implemented. This model includes the fuel cell stack

and several balance-of-plant components assuming the state-of-the-art technology. The modelling allowed for the

system’s sizing and simulation under different flight scenarios and varying levels of oxygen percentage of the air

supplied to the fuel cell. The integration and sizing of the oxygen tanks used to increase the oxygen percentage were

conducted while considering regulations and the required oxygen content.

Results show that implementing a fuel cell propulsion system significantly increases the aircraft’s maximum

take-off mass (MTOM) compared to a conventional regional aircraft. The oxygen percentage variation showed that a

reduction in MTOM is possible, reaching a maximum of 4%. This reduction resulted from a significant improvement

in fuel cell propulsion system mass, with a maximum reduction of 45% while using pure oxygen, with the cruise

part of the flight limiting any further improvements. Although MTOM was reduced, the downsizing of the fuel

cell system resulted in a higher hydrogen consumption, increasing the required hydrogen mass by up to 20%. The

reduction in fuel cell system mass is opposed by the added mass of oxygen and its tank system. Several sensitivity

analyses showed that design choices can affect the system mass. Although that is verified, the effect of oxygen

enrichment does not change, and the same trends are verified. The possibility of future improvements in fuel cell

power density was also evaluated, where it was verified that such an improvement results in no reduction of MTOM

with higher oxygen percentages. Under the conditions of the selected propulsion architecture, design choices and

technology level, oxygen enriched fuel cell air supply operation is considered to have no positive impact on aircraft

level performance.
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ṁ Mass Flow kg s−1

ml Fin Parameter −
N Number of components −
NTU Number of Transfer Units −
Nu Nusselt Number −
n Number of Electrons −
P Power W

Pr Prandtl Number −
Preq Power Required to Compensate for FC System Weight and Drag N

p Pressure atm

pfin Fin Width m

Q Heat Flow W

R Ideal Gas Constant J mol−1 K−1

Re Reynolds Number −
S Entropy of the Reaction J mol−1 K−1



List of Tables 3

Symbol Definition Unit

Spipe Yield Strength of Pipe Pa

sfin Free Flow Fin Width m

T Temperature K

t Thickness m

tTO Time for Take-off s

UA Heat Transfer Capacity W K−1

V Volume m3

v Velocity m s−1

W Width m

Wtotal Total Propulsion System Weight N

XO2
Oxygen Mole Fraction −,%

α Cathode Transfer Coefficient −
β Pressure Ration −
γ Specific Heat Ratio of Air −
γp Pressure Dependency Coefficient −
∆ Variation −
δ Thickness cm

ε Heat Transfer Effectiveness −
ηg Gravimetric Efficiency −,%

ηact, ηohm, ηconc Activation, Ohmic, Concentration Losses V

ηV Voltage Efficiency −,%

θHE Heat Exchanger Inclination Angle °

λ Water Content −
λO2 Oxygen Stoichiometric Ration −
µ Dynamic Viscosity Pa s

ξ Friction Factor −
σ Proton Conductivity Ω−1 cm−1

ρ Density kg m−3

ρcable Linear Density kg m−1

ρeergy Energy Density kW h kg−1

ρP Power Density kW kg−1



List of Tables 4

Subscripts

Symbol Definition

0 ambient conditions

air air

bp bypass

CCL cathode catalyst layer

Cable power train cable

Conv power train converter

c cold

cell singular fuel cell

comp compressor

component power train component

coolant coolant

cr crossover

design values for design point

duct duct where heat exchanger is placed

ed fuel cell stack endplate

F filter

FC fuel cell

fin heat exchanger fin

fuel fuel

GB power train gearbox

H humidifier

HE heat exchanger

H2 hydrogen

h hot

IC intercooler

Inv power train inverter

in inlet

M power train motor

m mean value

max maximum

mem membrane

min minimum

motor electric motor

N2 nitrogen

nz nozzle

O2 oxygen

out outlet

primary primary heat exchange surface

pump coolant pump

ref reference conditions

shaft propeller shaft

stack fuel cell stack

t stagnation conditions

tank tank

taxi taxi in and out

tube heat exchanger tube

V P vapour cycle cooling system

wall conditions at wall of fin



1
Introduction

1.1. Motivation
The current state of pollution is a driving factor in many industries, as it drives innovation to improve emissions

and environmental quality. Aviation is not an exception, being one of the main contributors to emissions, requiring

innovation to improve. Aviation emissions account for about 3.5% of the global net anthropogenic effective radiative

forcing, where the CO2 effect accounts for not even half of it [1]. Emissions from aviation include CO2,H2O, NO,

NO2, CO, a variety of hydrocarbons, sulfur oxides, soot, and other particles [2].

It might seem that the contribution of aircraft is not as significant as others, but aviation is the most unsustainable

mode of transport available [3]. Besides that, being part of the transport sector, aviation is also part of the sector with

the most significant growth and emissions. The aviation sector is expected to grow and expand due to globalisation,

liberalisation of the air transport market, and low fares business models [4].

Figure 1.1 shows the expected increase in CO2 emissions due to aviation expansion. It is clear that even with

expected efficiency improvements at the historical rate of 2%, it would still result in a substantial increase in CO2

emissions [5]. New technologies are necessary to reduce emissions significantly.

Figure 1.1: Evolution and Future CO2 Emissions [5]

Besides that, the characteristics of aircraft emissions worsen the problem. Aircraft emit their exhaust products

directly into the upper troposphere and lower stratosphere. For CO2 emissions, this is not relevant, as CO2 effects

5



1.1. Motivation 6

on the atmosphere are not altitude dependent, but for other types of emissions, significant changes in their behaviour

stem from the change in altitude [2]. H2O particles at aircraft flight altitudes can form contrails, ice crystals from the

condensation of water vapour in the engine exhaust, resembling clouds. Contrails contribute to the warming effect of

emissions but can be easily reduced if aircraft flight level changes, since ideal temperature and pressure conditions

for their formation are not found at lower altitudes. The effects of NOx emissions are also highly dependent on

altitude since their effects are related to the chemical composition of the atmosphere and chemical reactions. The

overall impact of altitude on climate change induced by aircraft emissions is presented in Figure 1.2. It can be seen

that if the aircraft flies lower, even though the fuel consumption increases, due to lower aerodynamic efficiency, and

the total emissions of all substances increase, the total radiative forcing, change in energy balance of the atmosphere,

of the emissions reduces with only CO2 effects contributing to the adverse impacts. This confirms that CO2 is not

altitude dependent; therefore, increased quantity emitted increases its effects.

Figure 1.2: Change in radiative forcing (left) and change in temperature (right) for lower and higher flight altitudes

for several emissions [6]

Several novel technologies have been introduced to improve aircraft climate impact. These are electric propulsion,

Sustainable Aviation Fuel (SAF), and hydrogen fuel, for combustion or fuel cell propulsion. Each of these options

has its pros and cons. SAF has already been used since no significant changes are required to the engine to operate

with SAF. However, availability, production cost, and competition with food sources create a problem for its usage as

the only substitution for kerosene [7]. Besides that, it also does not provide a suitable solution to non-CO2 emissions

[8].

As for electric propulsion, while it is the only zero-emissions source, in the case electricity is obtained without

emissions, the low energy density of the batteries, with expected values of 500 − 600Wh/kg [9] that are several
orders of magnitude lower than the ones shown in Figure 1.3 for hydrogen and kerosene, makes its use for long

flights impossible. Besides that, it would require major reformulation of airport infrastructure for fast charging or

battery exchange systems [8].

Using hydrogen as a fuel would also require significant changes in the airport infrastructure. The emissions

resulting from its use depend on the application. For combustion, a lower reduction of emissions is expected since

NOx will be produced, while with a fuel cell, only H2O is produced. Hydrogen has a higher gravimetric energy

density than kerosene, but its volumetric energy density is much lower, as presented in Figure 1.3. Besides that, even

to reach those values of hydrogen volumetric density, extreme conditions are required, for gaseous hydrogen, high

pressures of up to 700 bar and for liquid hydrogen, temperatures below the liquid temperature of hydrogen, 22K. As

a result, to store it in aircraft, heavy and complex tanks are required to reduce the volume required to store it, which

withstand the high pressures and insulate the hydrogen from outside heat sources. These requirements reduce the

tank gravimetric density, which is the ratio of hydrogen mass to hydrogen plus tank mass. Current developments

indicate possible tank gravimetric efficiencies of 25%− 40% for liquid hydrogen, which are still below the tipping

point proposed by Adler et al. [10] of 55%, over which hydrogen aircraft would perform better than kerosene ones.

For kerosene, the tank’s gravimetric efficiency is almost 100%, due to the tanks using the empty space of the wings,

becoming integral tanks, where the wing itself is the tank. Besides that, the high volume required generates penalties

due to increased aerodynamic drag or reduced passenger or cargo space. As a result, hydrogen is a better option
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for lower-range aircraft, mainly regional aircraft with ranges of about 500 nautical miles, where this penalty is less

detrimental [8]. If, with the evolution of tank design, higher gravimetric densities are reached, hydrogen aircraft may

become more energy efficient [10].

Figure 1.3: Volumetric and gravimetric density comparison between hydrogen and kerosene [11]

Figure 1.4 shows the possible reduction of emissions for each option, with synfuels representing SAF. Not to

forget that for any of the solutions, the actual reduction in emissions depends on the sourcing of the fuel. For hydrogen

to have the most significant effect in reducing emissions, it is essential that the most common current sources of

hydrogen, coal and natural gas, are substituted by environmentally friendly ones [12]. With developments in water

electrolysis with renewable electricity, it is possible to replace current hydrogen sources [7].

Figure 1.4: Comparison of climate impact between synfuel and hydrogen with respect to kerosene [8]

As the starting point of the development of fuel cell aircraft, the regional segment is crucial since the feasibility of

implementing new technologies is higher [8]. Even though it only represents around 3% of total aviation emissions

[7], it will serve as an opportunity to test the implementation of these enabling technologies to reduce emissions. It
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could even develop into a replacement of the lower end of the short-range segment, reducing emissions even more

[8], and with the understanding obtained, it could be used to scale up the technology for later use in larger aircraft.

An increase in the need for such aircraft in certain countries is already evident. In the Nordic countries, several

commitments have been made to completely remove the usage of fossil fuels by 2030 in all domestic flights [13].

Norway has also committed to reducing emissions by 80% by 2040 in its domestic flights, which means that SAF

would not be a solution anymore. Svensson et al. [14] have already done a study on the possibility of implementing

fuel cell propulsion to fulfil all the Nordic domestic flight requirements, where it was concluded that such an aircraft

could cover 97% of travel distances required.

Even for regional aircraft, it is expected that while a lower energy demand is possible, the cost per available seat

kilometre and the take-off mass of the aircraft would increase [8]. Therefore, efforts should be made to evaluate any

possible improvements to the efficiency and mass of such systems.

1.2. Research Objective
Since the fuel cell propulsion system increases the aircraft mass, efforts are made to reduce this system’s mass. One

of the main improvements currently being developed is the storage system. Where reducing tank mass and volume

while keeping the same hydrogen storage conditions is desired. This type of change results in improvements at the

auxiliary system level, but it does not improve the actual fuel cell efficiency. Improvements at the fuel cell level are

another possibility to increase fuel cell propulsion efficiency. To do that, improvements to the materials used or the

operating conditions under which the fuel cell runs are the options. At the material level, any improvement depends

on significant research and breakthroughs. While for the operating conditions, its limits have been reached due to

material limitations, working principles of the fuel cell, or the necessity of auxiliary components that reduce system

efficiency.

One of the only operating parameters that has not been fully studied is the use of higher oxygen concentrations or

even pure oxygen as the oxidant of fuel cells. The use of ambient air worsens the performance of a fuel cell, due

to nonreacting nitrogen, and can degrade it faster, reducing its lifetime. Schumann et al. [15] report that a fuel cell

system operating under pure oxygen instead of ambient air can have higher efficiencies while also providing other

beneficial qualities to the aircraft. This study has several flaws that make it impossible to know if such a system

would be better. First, the analysis is done for other applications that are not propulsion. Secondly, the methods used

and how they were implemented are not disclosed. It is said that mathematical models in Matlab and experimental

results were used, but no details are given. Finally, the mass of the systems, while calculated for the hydrogen supply

part of the system, did not include the components of the oxidant supply, and was not used to analyse if a higher

efficiency system with a higher mass would actually result in an overall improvement at the aircraft level. As this

study was unclear on what assumptions were taken and what the effect would be on aircraft performance when

considering system mass, a further analysis of this effect should be conducted. Besides that, several studies show that

oxygen enrichment can significantly improve the efficiency of the system and reduce its mass [16, 17, 18]. Therefore,

the following research objective is proposed:

The objective is to evaluate the effects of oxygen enrichment on the fuel cell propulsion system sizing

and performance, and its impact at the aircraft level. This will be achieved through the development of

models that are used to size and simulate the fuel cell system under different operating conditions.

Research Objective



2
Literature Study

This chapter presents the findings of a literature study on fuel cell propulsion systems and the effects of oxygen

enrichment. The state of the art of fuel cells is discussed in Section 2.1. Then, the subsystems required to operate an

aircraft’s fuel cell propulsion system are presented in Section 2.2, followed by the study of the benefits and worries

of oxygen enrichment in fuel cells in Section 2.3. Finally, the research questions are formulated and presented in

Section 2.4.

2.1. State of the Art in Fuel Cells
The use of hydrogen as a fuel has long been studied as an alternative to reduce aviation emissions. One of the ways

hydrogen can be used as an energy source is with fuel cells. There are several types of fuel cells, where the chemical

energy of a fuel, with the help of an oxidant, is converted into electricity. Different reactants are the source of energy

produced in the fuel cell, but usually, hydrogen, the fuel, and oxygen, the oxidant, are the choice.

In aviation, two main types of fuel cells have been investigated due to their higher state of development. One

being the Low Temperature Proton Exchange Membrane Fuel Cell (LT-PEMFC) and the other the Solid Oxide Fuel

Cell (SOFC) [19, 20]. Recently, a third alternative has also become a topic of interest, the High Temperature Proton

Exchange Membrane Fuel Cell (HT-PEMFC) [21]. The main difference in how they function is related to what

type of electrolyte membrane is used to transport ions. In a PEMFC, a polymer membrane serves as the electrolyte,

whereas in a SOFC, a solid oxide membrane fulfils this role. As a result, the type of ions transported and their

direction from cathode, oxygen side, to anode, hydrogen side, or from anode to cathode is different, as it will be

detailed in this section. A single fuel cell does not provide the necessary power, requiring the connection of multiple

fuel cells in series, which is called a fuel cell stack.

Fuel cells reactions occur at the cathode and anode, where the oxidation and reduction reactions occur. In the

PEMFC, the reactions are, at the anode:

2H2 −→ 4H+ + 4e−

And at the cathode:

O2 + 4H+ + 4e− −→ 2H2O

To complete the reactions, a membrane electrolyte assembly that transports the H+ protons from the anode to

the cathode is required. This membrane is an essential part of the fuel cell systems since its performance in the

transport of ions is fundamental for the overall performance of the fuel cell. In the case of LT-PEMFC, it is necessary

to control the water content in the membrane assembly since water molecules are responsible for transporting the

H+ protons. Therefore, it is necessary to control the exact water content in the membrane to prevent excess water,

flooding, and lack of water, dry out [22]. Due to the possibility of the membrane drying, the LT-PEMFC has a

temperature operation limit of about 100°C [23]. Due to their relatively low operating temperature, LT-PEMFCs

need bigger and heavier thermal management systems due to the low temperature rejection of heat. LT-PEMFCs are

also much more prone to contamination due to carbon monoxide and other impurities of the membrane [10].

Even though their operation seems complex LT-PEMFC are still the most prominent choice for transport

applications mainly due their low start up time and the fact that their power density, between 500− 2500mW/cm2,

is the highest of every fuel cell [22].

9
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To improve some of the downsides of the LT-PEMFC, the HT-PEMFC is seen as the next step. These fuel cells

operate at a higher temperature (100 − 200°C [24]), reducing the cooling demand due to the higher temperature

difference to ambient air. These cells also operate with membranes that are less sensitive to contamination, polybenz-

imidazole membranes, which are doped with phosphoric acid, using no water, which makes it so that there is no need

for water management systems [10, 25]. For now, they are still at a low development stage and have yet to surpass

the performance of LT-PEMFC, but improvements are expected to lead to their more common use [26].

In the case of the SOFC, the reactions occurring are, in the anode:

2H2 + 2O2− −→ 2H2O + 4e−

And in the cathode:

O2 + 4e− −→ 2O2−

In SOFCs, a solid oxide or ceramic electrolyte is used, transporting O2− ions from the cathode to the anode,

without any water management. Such fuel cells operate at temperatures between 600− 1000°C, which improves the

reaction rates of the fuel cell, enabling the use of simpler materials [10]. These high temperatures are simultaneously

the advantages and disadvantages of SOFC, since the necessity to reach such temperatures results in high start-up

times, material difficulties due to high temperature variation of the materials, and reduced life cycles and time [22,

27]. Even though their specific power is lower than LT-PEMFC, if the waste heat generated can be used to power

other systems, their use can become more relevant [28].

In Table 2.1, an overview of characteristics for the three types of fuel cells is presented. Due to the current level

of development, the high power density and quick start-up times, LT-PEMFCs are usually the fuel cells chosen for

aircraft.

Table 2.1: Fuel cell technology comparison based on [23, 22, 24, 27, 29]

Fuel Cell
Operating

Temperature (°C)

Power Density

(mW/cm2)
Efficiency(%) Advantages Disadvantages

LT-PEMFC 10− 100 500− 2500 40− 50
-Quick start-up time

-High power density

-Thermal management system mass

-Sensitive to fuel impurities

-Water management system

HT-PEMFC 100− 200 500− 900 40− 50

-Lower thermal management

system mass

- No water management

-Less sensitive to impurities

-Low development level

-Longer start-up times

SOFC 600− 1000 250− 500 50− 60

-High efficiency

-Increase in efficiency

with residual heat usage

-Long start-up time

-Short lifetime

2.1.1. Fuel Cell Performance
The theoretical voltage provided by a fuel cell can be described with the Nernst equation. With the variations of

temperature and pressure taken into account, the theoretical potential of a fuel cell is presented in Equation 2.1.

E = Eref +
∆S

2F
(TFC − TFC,ref ) +

RTFC

nF
ln
(
pH2

(p
1/2
O2

)
)

(2.1)

where E0 is the standard-state reversible voltage,∆S is the entropy of the reaction, F is the faraday constant, TFC is

the fuel cell temperature, with the subscript ref representing standard conditions and pH2 and pO2 are the fuel cell

partial pressures of H2 and O2, respectively.

These equations give the results for a theoretical operation. In reality, several processes reduce the cell voltage

compared to the theoretical one. In Figure 2.1, a typical relation between cell voltage and current density, the

polarisation curve, of a fuel cell is presented, where the three main mechanisms of voltage loss are presented.
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Figure 2.1: Fuel cell polarisation curve with voltage loss sources [10]

The first is the activation loss, which is related to the kinetics of the reaction and describes the extra voltage

provided to the chemical reaction for it to occur. Such loss exists at both the anode and the cathode, but due to the

slower rate of reaction of the oxygen reduction, the losses in the cathode are much higher than the ones at the anode.

This extra voltage provided is therefore unavailable and does not contribute to the useful voltage. These losses are

closely related to the exchange current density, i0, which is the equilibrium current of the reactions, representing the

amount of electrons flowing at zero current density. If only the cathode reaction is considered, since the kinetics of

reaction are significantly slower for the oxygen reduction than for the hydrogen oxidation [22], i0 is the exchange
current density of the cathode only. A higher exchange current density is desired because it represents a higher

activity that generates more current, and because if the desired current is lower than the exchange current, it will

be supplied with no losses associated. In conclusion, a cathode with a larger exchange current will have a smaller

voltage loss than one with a smaller exchange current [30, 10].

The second loss results from internal resistances found in the fuel cell. They are called ohmic losses since they

follow Ohm’s law and therefore have a linear relation with the current density, as seen in Figure 2.1. These resistances

come from both the protons flowing through the membrane and the flow of electrons through the wiring. Both

resistances are combined in a factor, the ASR, area specific resistance.

The ASR of the cell is mainly dominated by the proton resistance since the electron resistance tends to be much

smaller [22]. It is also highly dependent on material choice and thickness. In the case of a LT-PEMFC, as explained

in Section 2.1.2, the water content and temperature of the membrane are also a fundamental aspect of this loss

mechanism.

The last loss mechanism is the mass transport loss or concentration losses, since it results from a reduction in

concentration due to insufficient mass transport. At high currents, the reactants at both the cathode and anode are

being consumed rapidly. As a result, their partial pressure and concentration at the electrodes are reduced, and

if the reactants are not replaced rapidly, the fuel cell performance drastically decreases. This limitation is mainly

determined by the rate at which reactants are supplied through the channels or the rate at which they can diffuse

through the electrodes. So it can also be a material driven loss. This loss describes the maximum current the fuel cell

can operate at because it represents the maximum rate at which reactants can be supplied [10]. Above this current,

the limiting current iL, the fuel cell starves.

The modelling of the fuel cell can then consider all of the losses presented through either experimental fitting or

more detailed models of each specific loss mechanism.
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Besides this difference, there are studies where only the steady-state performance of the fuel cell is analysed [31,

32, 33, 34], which are the majority of studies, while in others the transient or dynamic performance is also a case of

study [35, 36].

For the work to be done in this thesis, it was decided that a steady-state modelling of the fuel cell would be the

best approach. This is due to several reasons. Firstly, studying the dynamic response of a fuel cell is more important

in applications where the power demanded from the fuel cell varies a lot in time, such as in automotive applications

[36]. While changes in required power on an aircraft are expected, they do not happen with the same frequency as

those in automotive applications. When such variations exist, a battery can provide such peak power requirements.

Besides that, the level of complexity required from DLR for this study was of a simpler and low computational power

model that could be used to size the systems of a fuel cell propulsion unit while taking into account power demands

and conditions of specific flight points. Therefore, this model will be used in conceptual aircraft design where the

dynamics are not required.

Lastly, while it does not motivate the choice, the effects of oxygen enrichment in fuel cell dynamic response and

performance seem to be all positive, as it will be detailed in Section 2.3.1, so modelling them would create a positive

point to transition to higher oxygen content usage.

The efficiency of the fuel cell follows the polarisation curve, as seen in Figure 2.2. At the same time, its specific

power, the ratio between power at a certain current and maximum power, has a different behaviour. As the current

increases, efficiency reduces, as the voltage does, but the specific power increases, up to a maximum, after which

it decreases. This effect has some implications for aircraft implementation. In an aircraft, the same power could

be obtained by a more efficient fuel cell operating at lower currents, by using a higher number of fuel cell stacks,

resulting in a higher mass of the fuel cells but a lower mass of fuel. Or it could be provided by a lower efficiency

system with higher specific power at higher currents, resulting in a lower mass for the fuel cell stacks but a higher

mass of fuel required. The optimum point in terms of total mass is a point between the two extremes.

Figure 2.2: Fuel cell efficiency and percent of max power as a function of current density [10]
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2.1.2. Influence of Parameters on Fuel Cell Performance
The performance of a fuel cell strongly depends on parameters like temperature, pressure, relative humidity, air

excess ratio, and oxygen concentration. The optimal values of these parameters are the subject of many studies, as it

is not a trivial or straightforward process to determine them [31].

Pressure

The effect that the pressure of the fuel cell has on its performance can be explained mostly by the variation of the

partial pressure and concentration of oxygen with respect to the total pressure.

Fuel cells operating at a higher total pressure have a higher oxygen partial pressure and concentration at the fuel

cell reaction interface. This has many beneficial effects on the fuel. Firstly, it will aid in the kinetics of the reaction,

since a higher concentration of reactants helps the reaction take place faster [30], which can be seen as an increase in

i0. Lastly, with an increase in oxygen concentration in the electrode, at high currents, when the reactant depletion is
high, the replenishing of reactants will be faster, allowing for operation at higher currents with lower losses, resulting

in a higher iL. Besides the improvements in the irreversible losses of the fuel cell, a higher pressure also improves

the maximum voltage obtained in theory. This is because, as shown in Equation 2.1, the term where the pressure

of the reactants is taken into account will be higher with higher pressures. The effect of pressure on the fuel cell

performance has been shown in several studies on the operating conditions of fuel cells [37, 32, 31], an example of

this effect is presented in Figure 2.3.

Figure 2.3: Pressure effect on polarization curve [32]

Even if, when looking at the fuel cell performance, the increase in pressure results in a higher efficiency and

power output, it is important to notice that there are also adverse effects of increasing pressure. This is the case when

looking at the overall systems required to provide the desired operating conditions for the fuel cell. To keep the

pressure at the desired level even at high altitudes, a compressor is required, since the performance of the fuel cell

would diminish at lower pressures [30]. The necessity for the compressor adds a weight and a power penalty. While

the weight is usually low compared to other components of the system, the power the compressor requires to keep the

operating pressures of the fuel cell is not. It can reach about 20% to 25% of the total fuel cell power [38]. It is then

clear that increasing the pressure as much as possible is not always the best option; there is a need to do a trade-off to

obtain the optimum overall performance of the system.

Temperature

Temperature has many effects on the performance of the fuel cell that result in opposite effects on fuel cell

efficiency. In the theoretical voltage of a fuel cell and in the equations for the voltage losses, an increase in temperature

results in a lower voltage and therefore a lower efficiency. However, just like for pressure, there are effects of

increasing the temperature that also influence parameters that drive irreversible voltage losses.

A higher temperature is related to higher particle agitation, increasing the likelihood of a reaction occurring and

therefore a higher rate of reaction, which, like for the pressure, will reduce the activation losses in the fuel cell [22].
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With respect to the activation losses there is also the possibility for the temperature increase to increase losses, this

occurs at high current densities due to the high activation overvoltages required at these currents [22]. At higher

temperatures, gases can also contain more water vapour, reducing the possibility of flooding the fuel cell [39]. An

increase in temperature also has a positive effect on proton conductivity of the membrane and diffusivity of reactants,

reducing ohmic and concentration losses, respectively. The improvements in fuel cell performance with temperature

can be seen in Figure 2.4.

Figure 2.4: Temperature effect on polarization curve [32]

Another adverse effect of increasing the temperature arises from the possibility of drying out the membrane. This

can happen if the temperature of the fuel cell is too high and the water production is slower than the rate at which

it evaporates. Therefore, it is important also to increase humidity at higher temperatures [37], up until the limit is

reached, where water humidity is at its maximum and increasing the temperature is no longer feasible.

When it comes to the effects of temperature on the overall system performance, an increase in temperature results

in higher efficiency. With higher temperatures, the heat generated from the fuel cell is easier to dissipate in the heat

exchanger, reducing its mass [40].

Relative Humidity

Some of the effects of relative humidity on fuel cell performance have already been discussed in the previous

sections. It is due to the working principle of a LT-PEMFC and its materials that water content is such an important

aspect. Usually, LT-PEMFC membranes are made of Nafion, and their conductivity increases with relative humidity

[22], improving performance of the fuel cell, Figure 2.5. The operation of the membrane eventually has its limits,

already detailed previously, where at low and high water content, dry out and flooding can occur, respectively.

These requirements make the existence of a humidifier for the cathode necessary. This is because at the anode

side only pure hydrogen is used, and the recirculation of the hydrogen introduces water in the anode [41].
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Figure 2.5: Cathode and anode humidity effect on polarisation curve [32]

Air Excess Ratio

The hydrogen depletion along the fuel cell channels is less of a problem since only hydrogen is available to react

in its side of the fuel cell, the anode. On the cathode side, since air is supplied, at the end of the fuel cells, there is

a lower concentration of oxygen, increasing the losses of the fuel cell and reducing its performance. As a result,

an excess of air with respect to the stoichiometric value is necessary to react with the hydrogen supplied on the

anode. Therefore, a higher air excess ratio or air stoichiometric ratio results in higher fuel cell voltages [34, 31, 30],

Figure 2.6. The necessity of exceeding air causes issues associated with the required power to pressurise the airflow.

The need to pressurise more air and consume more power can invalidate the gain obtained from a higher air excess

ratio and decrease performance [31].
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Figure 2.6: Air excess ratio effect on polarization curve [34]

Oxygen Percentage

The supply of different oxygen percentages in the oxidant flow of the fuel cell can significantly change its power

output and performance. As mentioned, the pressure effects are mostly associated with the increased oxygen partial

pressure and concentration, which can be achieved by increasing total pressure or by increasing the oxygen percentage

in the mass flow. Therefore, the effects are similar to the ones obtained for an increase in pressure, with both an

increase in theoretical voltage due to a higher partial pressure and a reduction of the irreversible losses. In the case

of the activation losses, a higher oxygen percentage increases the kinetics of the reaction at the cathode, which

is the limiting reaction of the fuel cell, and results in lower activation losses. Besides that, it will also affect the

mass transport losses, since with a higher concentration of oxygen, the starvation of the fuel cell occurs at a higher

current density [17]. Another improvement of oxygen enrichment is that it allows for higher operating temperatures,

reducing the losses, mainly the activation and ohmic losses, even more. The final result of all these effects is shown

in Figure 2.7, where the polarisation curve for different oxygen percentages is shown.

Figure 2.7: Oxygen percentage effect on polarization curve [16]

2.2. Balance Of Plant
To integrate a fuel cell as a source of power in an aircraft and keep the operating conditions under which it works

controlled, there is a need for several extra components that comprise the Balance-of-Plant (BoP) of the fuel cell.

The BoP is composed of 3 main groups: the hydrogen storage, the heat management, and the air supply.
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Figure 2.8: Example of fuel cell system architecture including fuel cell stack and balance of plant [31]

2.2.1. Hydrogen Storage and Distribution
To provide the reactants to the fuel cell, a hydrogen supply is also necessary, as it is not readily available in the

atmosphere as oxygen is. Hydrogen as an energy supply has certain qualities and some downsides. It has much

higher specific energy, the energy per unit mass of the fuel, than kerosene, which is about four times higher, which is

good in an aircraft since the same amount of energy can be provided by a much lighter fuel. However, it also has a

much lower energy density, the energy per unit volume of the fuel. Because of this, it is necessary to use systems

that improve the hydrogen energy density. Such systems are usually heavy, negating some of the benefits of their

introduction. Hydrogen embrittlement and permeation, due to the small size of hydrogen molecules, are also driving

factors for the high masses of the tanks [10], reducing energy density. Measures in terms of material choice need to

be taken with these factors in mind, which can drive price and weight up.

An essential characteristic of a tank is the gravimetric efficiency, Equation 2.2.

ηg =
mfuel

mfuel +mtank
(2.2)

Where mfuel is the mass of fuel inside the tank and mtank is the tank mass required to store that fuel. The

gravimetric density can be given as a decimal or as a percentage.

There are several storage means studied for hydrogen in an aircraft. In Table 2.2, several options are presented

with some relevant values for their evaluation. These include the gravimetric efficiency, the volumetric density, the

operating conditions of the storage and its relation to the fuel cell operating conditions, the kinetics of supply, and its

safety and maturity level.

From the table, three main options seem currently viable due to their maturity level: compressed H2 (CH2),

liquid H2 (LH2) and cryo compressed H2 (CcH2). The high pressures in compressed H2 tanks increase the tank

mass to much resulting in a lower gravimetric density while also providing low safety levels due to possibility of

high pressure leaks and explosions [42]. Liquid H2 relies on storing hydrogen at or below its liquid temperature.

The main drawback of liquidH2 is the boil-off that occurs when heat transfer from outside the tank vaporises the

liquid hydrogen, increasing pressure inside the tank. This is a problem because these tanks are not designed for high

pressures. As a result, these tanks require well insulated walls and even venting systems that also result in a lower
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gravimetric density. In this case, the decrease is not as significant as the one for compressed hydrogen. Due to better

gravimetric and volumetric density, while also being safer due to low operating pressures, liquid hydrogen is the

preferred option. Lastly, there is cryo-compressedH2, a hybrid of both methods as it combines high pressure with low

temperature. Since it is designed for high pressure, boil-off is not as much of a problem [43], but cryo-compressed

tanks still have the same safety issues as the compressed ones due to high pressures. Their design is therefore a

balance between increasing pressure to increase volumetric density, but not so much that the gravimetric density

reduces to a point where no overall improvement is reached [44].

Table 2.2: Comparison of hydrogen storage technologies [42]

Technology ng[wt%] nv[MJ/L] T [°C]; p[bar] ∆T [°C];∆p[bar] Q[kJ/kgH2
] Kinetics Safety Maturity level

CH2 5.7 5.6 20; 700 35; -699 / fast low high

LH2 7.5 6.4 -253; 1.5 313; 0 / fast medium high

CcH2 7 to 10 6.1 to 5.9 -207 to -195; 350 to 700 267 to 255; -349 to -699 / fast low high

5 to 6 4 -233 to -193; 300 293 to 253; -299

MOFs 4.50 to 5.25 2 to 6 -196; 80 256; -79 7 fast medium low

LT MH (LaNi5, LaNi4.8Al0.2) 1.36 to 1.43 1.4 to 1.6 25; 5 -5; -4 1.5E+04 to 1.7E+04 moderate high low

HT MH (Mg,Mg2Ni) 3.8 to 4.8 2.2 to 3.0 25; 5 -290; -4 3.8E+04 to 6.4E+04 slow high low

MBH (CoB − LiBH4) 8 9.3 25; 1 -290; 0 2.7E+04 slow high low

LOHC (H0 NEC-H12 NEC) 4.1 4.3 25; 1 -210; 0 2.7E+04 fast high very low

Chemical (NH3) 8 9 25; 10 -390; 0 3.1E+04 moderate medium very low

Figure 2.9: Dependency of aircraft energy usage with tank gravimetric efficiency for regional, transcontinental and

intercontinental aircraft [10]

From this comparison, liquid hydrogen storage seems to be the best option because of its safety and comparable

performance with cryo-compressed. Besides that, the values provided by Massaro et al. [42] are low estimations

of what could be possible with liquid hydrogen. Some predict that LH2 tanks can reach much higher gravimetric

efficiencies from 30% to much more optimistic values of 90% [10]. While the upper limits are still not yet completely

understood, it is still clear that liquid H2 currently has a much higher potential than other storage options. At

the moment, the lower gravimetric efficiencies of hydrogen storage are the most significant limiting factor when

compared to kerosene aircraft, and that is why, at the moment, many researchers say that hydrogen aircraft will

only be beneficial for short- to medium-range aircraft [10]. In Figure 2.9, the necessary tank gravimetric efficiency

improvements are clear, as at around a gravimetric efficiency of 55%, a hydrogen aircraft would have a lower energy

use than its kerosene counterpart.

Insulation of LH2 tanks can also be accomplished with different manufacturing choices. The most developed

is spray-on foam insulation, and the upcoming development is the use of vacuum-insulated tanks. Ultimately, a

combination of both is possible [10]. The necessary thickness of the insulation is directly related to the boil-off effect,

because the dormancy time requirement of the tanks, which is the time they need to ensure safety and operation

under the allowable conditions while not in use, depends on the heat transfer through the walls. Therefore, a higher
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dormancy time requires better insulation to prevent a boil-off rate that would exceed the maximum pressure, leading

to the venting of some hydrogen [45]. The tank walls will also require the structural component that withstands the

pressure loads. The thickness and weight of it depend on the maximum allowed pressure in the tank, the outside tank

pressure, the material properties, and the radius of the shell [46].

The boil-off in a LH2 tank has already been mentioned as an undesired effect that would increase pressure inside

the tank to a value above its operating limit. The opposite can happen when, as LH2 is drawn from the tank, the

pressure inside the tank eventually reduces, because the increase in pressure due to boil-off can not compensate for

this decrease [47]. As a result, the operating pressure of the tank will end up being below a critical value, which may

be set due to the operating pressure of the fuel cell or of the pump providing hydrogen to the fuel cell. This effect

would reduce the pressure at which hydrogen could be supplied to the fuel cell, reducing its efficiency. To supply the

required heat to the tank, a battery could be used together with a heating component. Still, two main disadvantages

exist: it consumes additional electric energy of the already very limited supply, and a defect at the heater or the cables

running through the vacuum space both lead to extremely high repair costs [48]. A better option would be to use a

heating coil that would discharge some of the heat provided to hydrogen back to the inside of the tank, as shown in

Figure 2.10. This system would be cheaper and easier to repair [48].

Figure 2.10: Scheme of pressurisation system by warm gas return [48]

Besides the limitations already specified, another problem with hydrogen tanks is their integration in the aircraft.

Contrary to kerosene hydrogen tanks, when integrated into the wing frame, the result is a much lower gravimetric

efficiency [13]. This is because liquid hydrogen tanks require the highest volume to external area ratio, since the

lower the area, the lower the heat transfer, and therefore the tank can be made lighter [42]. As a result, different

tank positions have been evaluated, each with different drawbacks. Wing pods increase aerodynamic drag but also

provide the bending moment relief that kerosene in the wings would. Tanks integrated in the fuselage result in either

an increase in fuselage length or a reduction in passenger or cargo capacity.

The wing pod configuration results in a higher fuel consumption and brings clearance issues at take-off into

consideration [49]. An example of such a configuration is presented in Figure 2.11.
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Figure 2.11: Geometry of pod integrated tank concept [49]

For the fuselage integrated tanks, the position may take different configurations. Some examples are presented in

Figure 2.12. In the first configuration, the tank in the rear part of the fuselage results in stability and trim problems

due to the change in the centre of mass during flight. The middle one, where there is both a tank in the front and the

rear parts of the fuselage, would not have the same stability and trim issues. Still, for narrowbody aircraft, it would

require a cutout in the tank in order for pilots to go through, which could turn out not to be viable due to its low

fuselage diameter [10]. Out of these first two options, Onorato et al. [46] concluded that in terms of performance, the

configuration with an aft and forward tank does have a better performance. Even though more tanks result in a lower

tank gravimetric density, the benefits of higher trim performance outweigh it. The last possibility is to place the tanks

above the fuselage with an extra fairing to smooth the aircraft’s shape. While this approach results in several safety

benefits, it also increases the fuel burn compared to an inside the fuselage tank, due to the added drag of the extra wet

area [10, 49].

Figure 2.12: Proposed hydrogen tank configurations in the fuselage. Red areas are the tanks. [10]

Even if the configuration with one aft and forward tank is not used, there is a need for at least two tanks. This is a

result of regulations. Both EASA and FAA require some redundancy, ensuring that a single failure, in this case a

tank failure, will not result in total fuel supply failure. Ensuring that the supply of each engine is independent of the

supply to any other engine [50, 51].

Another distinction can be made in the tank integration. This is the difference between integral and non-integral

tanks. In the former, the tank walls form the fuselage itself, making the tank heavier since it would have to endure the

fuselage loads, reducing gravimetric efficiency. However, the overall empty weight of the aircraft can be reduced.

This effect makes comparing integral and non-integral tanks, which fit inside the fuselage, difficult [10]. Since many

other aspects of fuselage design need to be taken into account when implementing integral tanks, only non-integral

tanks will be considered.

2.2.2. Heat Management System
When under operation, a fuel cell produces heat from resistances, latent heat of water, or irreversibilities. This heat

needs to be dissipated, since if this were not the case, the fuel cell would be heating and its performance would

degrade, even leading to damage to the fuel cell. With LT-PEMFC, the heat is generated at relatively low temperatures

with respect to ambient temperatures, which makes the required heat exchanger bigger and heavier.

For the choice of cooling system, several options are analysed and used for fuel cells. In Figure 2.13, the most

common options for fuel cell cooling systems are presented.
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Figure 2.13: Cooling methods for PEMFC depending on power level [52]

Air cooling is usually used for systems with lower power levels, consisting of air passing through the cathode

or cooling plates between the cells. For passive cooling, the heat is dissipated via conduction, natural convection,

or radiation [53]. These systems have the lack of extra components that would increase system mass as their best

feature. This type of cooling becomes unsustainable once the required heat dissipation becomes so high that the

cooling air flow and heat transfer area required become too high [54]. At this point, liquid cooling or phase change

cooling, where a separate radiator is used, is required.

In the liquid cooling systems, a coolant flows through cooling channels in the fuel cell, absorbing heat that is then

pumped to a heat exchanger where the heat is dissipated into ambient airflow [54]. In these systems, to maintain a

low temperature gradient inside the fuel cell, the difference between coolant inlet and outlet temperature at the fuel

cell is kept at a low value of around 10K [55, 56]. In a liquid cooling system, a pump is also required to maintain the

coolant circulating at the desired pressure. The coolant used in most applications of liquid cooling in fuel cells is a

mixture of deionised water due to its high specific heat and therefore high heat absorption capacity, and an antifreeze

liquid such as ethylene glycol, usually in a proportion of 50/50 [57, 58].

The last option for cooling the fuel cell is the phase cooling systems, which have emerged recently and propose

an increase in heat dissipation. Phase change cooling uses the latent heat of the coolant to remove heat from the fuel

cell. Two main options arise from this concept. Evaporative cooling, where liquid water is added to the cathode side,

removes heat from it when evaporating and also humidifies the cell [54]. The other option would be to use a system

similar to water cooling, where the coolant changes phase from liquid to vapour and vice versa throughout the system

[59], two-phase cooling with boiling, making use of the latent heat of the coolant to absorb and remove the waste

heat of the fuel cell. Therefore, in the evaporative and two-phase cooling with boiling, the temperature of the fuel

cell must be higher than the boiling temperature of the coolant [60].

Even though these systems have been studied and have shown possible improvements in system mass and drag,

certain problems keep them from being the common option. In evaporative cooling, there is the need to redesign

heat exchangers because aluminium is not an option, as it contaminates the system, and high efficiencies of water

separation are required to have the evaporative cooling be a better option than liquid cooling [54]. In the case of the

two-phase cooling system, the worry comes from the fact that it operates really well under uniform temperatures,

which is not the case for a LT-PEMFC. Besides that, if at any point in the heat exchangers the coolant reaches the

complete vapour form, it reduces its heat transfer significantly, worsening the heat dissipation [61]. Lastly, further

developments in both technologies are required before they can be implemented as better and suitable options [54].

Ram Air Duct

To reject the waste heat generated by the fuel cell with a liquid cooling system, a heat exchanger is required. In the

implementation of heat exchangers for fuel cell cooling, several studies have incorporated the heat exchanger within

a ram air duct [55, 40, 58], as shown in Figure 2.14. Through the ram air duct, the air initially suffers a compression

in a diffuser, where the air reduces its velocity and increases its pressure. This is done so that the pressure drop over
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the heat exchanger is minimised. Then the air passes through the heat exchanger, where its temperature increases.

Lastly, the air is expanded through a nozzle to ambient pressure, increasing its velocity. Due to the differential in

velocity to ambient air, some thrust is produced [62].

Figure 2.14: Heat exchanger ram air duct system [58]

The implementation of the ram air duct is done since the use of large heat exchangers can create a substantial

increase in the aircraft’s drag, degrading its performance [62, 40]. This is known as the Meredith effect and is used in

piston engine aircraft [63]. The improvements from this effect can negate some of the cooling drag or even create

some net thrust [62, 40]. While some studies neglect this effect either by stating that it would not have a significant

effect on extra drag or by stating that the drag generated would be compensated by the extra thrust [40], in the work

done in this thesis, the extra drag and thrust produced due to the heat exchanger will be taken into account.

The heat exchanger is a tube or plate and fin heat exchanger with counterflow. These heat exchangers are indicated

for fuel cells in aircraft applications due to their compact design, efficient heat transfer, and modular capabilities that

improve their adaptability to stringent space requirements [64]. On the coolant side, tubes are used since the coolants

are usually liquids with high thermal conductivity and density. In contrast, on the air side, several geometries are used

to increase the heat transfer area to compensate for the lower thermal conductivity and density of air. Figure 2.15

shows an analysis of the performance of several air side geometries, concluding that the one with the better conjugated

performance is the offset strip-fin, and therefore that geometry is used in the present study.

Figure 2.15: Heat exchanger air side performance [65]

A problem that originates from the heat exchanger size is the possible increase of the nacelle housing the fuel cell

system’s frontal area. With respect to this, studies have been conducted on the possibility of tilting the heat exchanger

such that its frontal area is kept while reducing its effect on nacelle size and keeping the pressure drop over it low

[62]. A limit of around 70° was found to be the point over which the pressure drop becomes too significant due to the

inclination of the heat exchanger [66].

The air supply design is also a topic of interest since its design will affect what extra penalties will be introduced

to the aircraft’s performance. In a propeller driven aircraft with fuel cells, two main design concepts obtain the best

performance. The scoop inlet and the annular inlet, Figure 2.16, with the scoop inlet having the best performance.
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Figure 2.16: Annular and scoop inlet concepts [67]

A variation of the scoop inlet is also possible, where a movable lip is used. This configuration provides better

performance in total pressure ratio but increases system complexity, cost, and mass [67].

Lastly, there is also the option to add a fan to the ram air duct system to provide sufficient air flow at low speeds

on ground operations.

2.2.3. Air Supply System
In the projected use of fuel cells in aircraft, the oxidant is to be provided by ingesting ambient air to the fuel cell

cathode side.

The air required to operate the fuel cell can be provided by the same inlet that provides air for the thermal

management system, as shown in Figure 2.16. The air needs to be at a certain temperature, pressure, and humidity to

ensure the fuel cell operates under optimal conditions, which makes necessary the use of several components. These

are the air filter, compressor, intercooler, and humidifier.

The air filter is responsible for filtering impurities in the air that cause damage to or contaminate the fuel cell.

Fuel cells in general and even more specifically LT-PEMFC can significantly reduce their performance due to

contamination [10]. The air filter is a passive system requiring no additional power to work. Its contribution to the

increase in power consumption comes from its weight and the pressure drop of the air flowing through it, with both

being relatively small.

The compressor becomes essential mainly at high altitudes since the ambient pressure will be much lower than

the desired operating pressure. The compressor is a substantial component of the system regarding power demand.

This is mostly due to the power required to pressurise air, since the weight of the compressor does not contribute

significantly to an increase in system mass; that would require more thrust and therefore power from the fuel cell to

compensate for. In most aircraft fuel cell applications, the choice of compressor tends to be the centrifugal compressor

because they are compact, lightweight and efficient [38, 68]. These compressors also have their operating limits that

need to be considered when choosing and using the models. These limits encompass the surge limit at low mass flows

and high pressure ratios since stall may occur and create reverse flow, damaging the compressor. The choke limit, at

high flow rates and low pressure ratios, depends on the geometry of the compressor, since when air reaches the speed

of sound, it can not be further accelerated. The speed limit at high pressure ratios and flow rates due to structural
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considerations [68]. A typical compressor map that relates pressure ratio with corrected mass flow is presented in

Figure 2.17, where the limits are shown.

Figure 2.17: Compressor map [69]

After compression, the air reaches temperatures that are above the operating limits of both the fuel cell and

humidifier. To prevent any damage and ensure the system is working correctly, the air must be cooled down to the

desired fuel cell temperature. To do this, the same options as the ones provided for the main heat exchanger are valid.

Since the required heat dissipation is lower, an air-to-air cooling may suffice, as the one used in Figure 2.8, but since

a liquid cooling system is already in place, using it to also do this heat exchange would be advantageous to reduce

system mass, since the heat capacity of the liquid coolant is much higher than that of air. Liquid cooled intercoolers

are also already used in many fuel cell systems [68, 55].

Lastly, before entering the fuel cell, the air must be humidified to the desired level of humidity. To do this, two

options are available; one uses a passive humidifier that uses exhaust air to humidify the air coming in [68, 31],

as presented in Figure 2.8. While the other option is to separate water from the exhaust gas with a condenser and

reintroduce it in the fuel cell air inlet [38]. With the latter being of interest if a turbine was to be used to recover some

energy from the high pressure air of the fuel cell, since it would make the air suitable for a turbine by preventing frost

formation on the turbine [31]. Since it would add complexity and weight to the systems, and it is not yet sure if such

a system would improve efficiency, the simpler, passive humidifier will be used.

2.3. Oxygen Benefits and Drawbacks
The use of fuel cells in aircraft is hindered by their high mass, and consequently low power densities, which are

lower than the power densities of conventional turboprop engines [70]. Therefore, efforts should be made to improve

fuel cell systems. As already detailed, H2 tank optimisation seems to be the approach with substantial room for

improvement. Nonetheless, other options are also viable. One possibility might arise from using oxygen enriched air

or even pure oxygen in the fuel cell. This section will highlight the benefits and drawbacks of this architecture.

2.3.1. Fuel Cell
The fuel cell performance by itself, not considering any other subsystems, improves with the increase of oxygen

percentage in the air supplied to the cathode, since it will result in higher voltages and current densities. The reasons

for this improvement were detailed in Section 2.1, where it was explained that higher oxygen percentages improve

fuel cell performance by increasing the reversible voltage and reducing all irreversible losses.

Such improvements increase the efficiency of the fuel cell by a significant margin, with St-Pierre [17] concluding

that an increase of 10% from 53% to 63% is possible, when pure oxygen is used, with a fuel cell mass reduction

of about 20%. These values are just an estimation as the increase depends on the operating current density, as can

be seen in Figure 2.18, where for different current densities the deviations between different oxygen percentages

performance changes. The increase in efficiency would result in a significantly lower mass and size of the fuel cell.
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Besides that, the amount of H2 needed would reduce, resulting in a lower tank mass as well. In Figure 2.18, the

voltage, efficiency, and power increase with air oxygen percentages are presented.

Figure 2.18: Oxygen percentage effect on fuel cell performance [18]

Besides the increased efficiency for the same current density, oxygen enrichment also allows the fuel cell to

operate at much higher current densities for the same voltage. In such cases, the mass of the fuel cell can be reduced

much more, by up to 50% [16]. In this case, the mass reduction is much more substantial, but no increase in efficiency

is obtained.

One last important effect of the increase in oxygen concentration is the dynamic response of the fuel cell. Even

though it will not be analysed in depth in this thesis, it is important to evaluate the effects of changing oxygen

concentration on the dynamic response of the fuel cell. This is to ensure that no worsening of the dynamic response

exists. Yan et al. [36] found that the dynamic response of a fuel cell under different conditions seems to follow the

same behaviour as the steady-state response. Therefore, it is confirmed that higher oxygen concentration would

improve the dynamic response of the fuel cell. This effect was not evaluated directly by increasing oxygen content;

instead, it was done by increasing the operating pressure, which would have the same effect as increasing oxygen

concentration. The results of such a study are shown in Figure 2.19, where it can be seen that a higher air excess

ratio, or air stoichiometric ratio, provides a faster response.
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Figure 2.19: Effect of operating pressure on dynamic response of fuel cell [36]

2.3.2. Balance Of Plant Effect
In an aircraft, the rest of the components that ensure the correct functioning of the fuel cell have a significant effect

on the overall system power consumption and mass. Therefore, these should also be analysed to ensure the feasibility

of oxygen enriched operations. Throughout this section, the distinction between a pure oxygen operated fuel cell

and an enriched air, namely a flow with a higher concentration of oxygen, operated fuel cell will be made. This is

because different requirements apply to each of the cases.

Oxygen Storage and Distribution

Firstly, the new components that would be added to the BoP will be introduced. With the need for a higher

concentration of oxygen, a system that would provide it is needed. For that, several options are possible.

Air separation membranes are already used in aircraft for tank inerting systems that reduce oxygen concentration

in the kerosene tanks to reduce the flammability risk [71, 72]. These systems could increase oxygen concentration in

the air supplied to the fuel cell by using the oxygen enriched air that they generate. The problem with these systems

is that the required mass flow for a fuel cell is higher than the one provided by the systems in current use. This is

because O2 and N2 are molecules of similar size and weight, which makes these systems have a worse performance.

Besides that, to obtain the desired separation, operating conditions of several bars above ambient pressure are required

[73]. As a result, to provide enough mass flow, big, heavy, and power demanding systems would be necessary.

Other options are the ones used in oxygen production plants. These are, among others, cryogenic air separation,

swing adsorption-based systems, and mixed ionic–electronic conducting ceramic-based membranes [74]. These

options are also unsuitable for an aircraft, as they are once again big, heavy, and power demanding, based on extreme

operating temperatures and pressures.

The last possible option would be to have oxygen tanks supplying either the extra oxygen to enrich the air or the

totality of pure oxygen. For such tanks, the same options available for the hydrogen tanks exist, with the liquid O2

being once again the best due to its higher gravimetric density. Besides that, the volume of oxygen, and therefore

tank volume, required would only be half of that for hydrogen since only one molecule of oxygen is required for each

two of hydrogen. This is important because configurations that would not be viable for hydrogen tank placement can

be feasible for oxygen tank placement. Oxygen tanks would also be possibly lighter since the liquid temperature of

oxygen is higher than that of hydrogen, 90K and 20K, respectively. Besides that, the enthalpy of vaporisation of

oxygen is higher than that of hydrogen, ∆Hvap,H2
= 0.90kJ/mol and ∆Hvap,O2

= 6.82kJ/mol [75]. This also
lowers the boil-off, as more energy is needed to vaporise oxygen. Some estimations of the volumetric and gravimetric

density of liquid O2 tanks result in a tank that is smaller in volume and lighter [76] for the same stoichiometric

required quantities of H2 and O2. Besides that, the fact that the oxygen molecule is bigger also has benefits. Since,

in comparison with hydrogen, permeation would not be a problem, no fuel would be lost through that process.

Unfortunately, the same worries apply concerning embrittlement, since oxygen, mainly at the low temperatures of
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LO2, may also reduce the stress resistance of materials [77]. Therefore, the same meticulous material choice must be

made for oxygen tanks.

Some more negative aspects of oxygen usage also exist because the mass of oxygen required is 8 times higher

than the amount of hydrogen mass required, since per one molecule of oxygen, two molecules of hydrogen are needed,

and the molar mass of oxygen is about 16 times higher than the molar mass of hydrogen, 16/2 = 8. This is the main

detriment of a system that would use pure oxygen.

One important aspect of liquid oxygen tanks is that certified tanks are already available for aircraft use, as they

were developed to supply oxygen for crew and passengers [78].

Air Supply System

Next, the air supply system changes will be explained. In a pure oxygen operation with the oxygen being supplied

by the tank, there would be no need for the air supply system of the fuel cell. This means no air filter, compressor,

intercooler, or humidifier, since a loop configuration would also be used on the oxygen side, as on the hydrogen side,

providing the required humidification to the cathode. The air filter and the humidifier result in a slight reduction in

mass, which would not be significant, but the removal of the compressor results in a different outcome. As stated

previously, the compressor power can reach around 25% of the fuel cell power at cruise altitudes. A significant

reduction in fuel cell mass would be possible if it were not needed, since the extra power would not need to be

supplied. Even if oxygen enriched air is used, where the ambient air would be supplied with pure oxygen to increase

oxygen concentration, the compressor requirement would be lower. Due to the addition of pure oxygen at the desired

pressure, the necessary compression of the air for it to have the desired operating pressure at the fuel cell would also

be lower since the tank would store oxygen at pressures higher than ambient at high altitudes.

Heat Management System

Lastly, the thermal management system will be revised. The same ram air duct configuration would still be necessary

to release the waste heat generated by the fuel cell. However, some major improvements would also be possible,

mainly in the size of the heat exchanger.

As specified before, the fuel cell under higher oxygen concentrations is more efficient and will generate less

waste heat. Besides that, there is the possibility of operating the fuel cell at a higher temperature. Both of these

factors would contribute to a smaller heat exchanger. Partially due to less heat waste demand and partially due to the

higher temperature difference to the ambient air if the fuel cell operating temperature is higher. This is an important

aspect because the thermal management system is one of the biggest, if not the biggest, contributor to the overall fuel

cell system mass [56].

2.3.3. Lifetime and Cost
Now that all the BoP components have been described, other considerations should also be provided.

The lifetime of a system is very relevant for its use, as it has several economic implications. This is relevant for the

oxygen enrichment analyses because the higher oxygen concentration seems to have a negative effect on a fuel cell’s

lifetime. For example, platinum, which is used as a catalyst, is not stable at high potentials and can electrochemically

or chemically oxidise, something that an increase in oxygen concentration accelerates [17]. Besides that, the carbon

used to support the catalyst may also suffer increased oxidation from the rise in oxygen. It will also increase the

concentration of radicals that can degrade the membrane and diffuse through it, increasing mass transfer losses.

Knowing if the higher concentration of oxygen will result in an overall reduction of the lifetime of a fuel cell

is difficult because it also represents an improvement in some of the problems associated with using air. It is the

contamination due to the nitrogen content in the air. Nitrogen can diffuse through the membrane and contaminate the

system. This effect is a known problem in fuel cells with a loop in the hydrogen side because it creates the need to

purge the loop to remove the nitrogen contaminant [31, 68, 10]. Due to this purge, there is a loss of hydrogen, which

during a flight mission may account for up to 3% of the total hydrogen consumption.

With all these different effects playing a role, it is hard to know if oxygen enrichment will improve or deteriorate

the longevity of a fuel cell. As it is not seen as fundamental for this thesis to analyse such factors, these considerations

of cost and lifetime will not be taken into account in the work performed.

2.3.4. Risks
The implementation of the whole system surrounding the fuel cell has some inherent risks already described, mainly

due to the tanks used. One aspect that has yet to be mentioned is the risk of hydrogen combustion. This risk comes
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from the flammability limits of hydrogen, which are much broader than the ones for kerosene, as presented in

Table 2.3. When changing from kerosene to hydrogen, the limits go from 0.7%− 5% to 4%− 75%. Also, when

exposed to air with enriched oxygen content, the flammability limits of hydrogen become even bigger, with the upper

flammability limit reaching 94%. This is important because the flammability limits represent the range of mixture

fractions that will burn when provided with an ignition source. Therefore, with an increase in this range, when oxygen

concentration is increased, the risk of burning occurring is higher. Besides that, the ignition energy necessary for

hydrogen is really low [79]. Together, both of these characteristics make the flammability risk of hydrogen high.

Another characteristic of fuels is the autoignition temperature, the temperature at which fuels can autoignite without

any external ignition source. This is a positive point for hydrogen because its autoignition temperature is about 560°C
[80], which is high, even more when comparing to kerosene, which has an autoignition temperature of 210°C [81].

If oxygen enrichment is used, the increased flammability risk is something to consider, mainly the placement of

tanks. Most likely, placing H2 and O2 tanks far from each other is the best option to prevent the risks that leaks may

bring.

Table 2.3: Flammability limits as percentage by volume of air, adapted from [82, 79]

Fuel-Oxidizer Lower Flammability Limit Upper Flammability Limit

Kerosene-Air 0.7% 5%

H2-Air 4% 75%

H2 −O2 4% 94%

2.4. Research Question
From the literature review presented, it is clear that a gap is present in oxygen-enriched fuel cell systems. Much

research has been conducted to understand the influence of operating conditions and their optimisation on the fuel

cell level [31, 32, 37, 34, 30]. And, to implement such knowledge in an aircraft, studies have been performed

concerning fuel cell propulsion in aircraft [21, 83] and to the influence of aircraft operating conditions on fuel cell

performance and sizing [68, 56, 42]. The result of such studies is that, for now, it is still not possible to obtain a

performance that could compete with current kerosene-powered propulsion systems. However, improvements in fuel

cell performance have been proven with the use of oxygen enrichment [84, 17]. Schumann et al. [15] concluded that

oxygen enriched fuel cell systems could be more efficient than those supplied with ambient air when used as the

aircraft power provider. Even though that is the case, no information on the effects of implementing such a system on

the aircraft and its performance was provided. In conclusion, no study on the combination of an oxygen enriched fuel

cell and its integration in an aircraft has been done, while also considering the variations of mass of the system.

Therefore, with the literature study presented, the following research question is proposed to be answered:

What are the effects of a propulsion system based on oxygen enriched fuel cells on the design and

performance of the overall aircraft and subsystems, including their masses and power requirements?

Research Question

To answer this question, several possibilities will be taken into account. As explained before, the weight of

oxygen required to do a full mission with pure oxygen operation is very high. So, it might be so much of a penalty

that the improvements in other components cannot compensate for it. For that reason, different possibilities will be

studied. The use of oxygen enrichment only in high power segments of flight, such as take-off and climb, will also

be one of them. This is seen as a possibility due to the sizing of the systems. The aircraft systems need to be sized

for the most demanding segments of flight, and if in more power demanding segments, efficiency can be improved,

the sizing segment of flight might become the one with lower demand, cruise. This would reduce size and weight,

reducing the penalty of using an oversized system for the longest flight segment.

Another question that must be answered revolves around placing the extra tanks needed for oxygen storage. Both

safety, operation, and performance should be considered in its placement.

Lastly, with the work done, it will be possible to quantify the improvements in each subsystem of the BoP for

each oxygen enrichment case, from reductions in mass to power demand.
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It will be of interest to analyse the effects of the drag and thrust generated by the cooling system, and if it results

in an overall positive or negative contribution.

• What is the most efficient oxygen enrichment scenario, pure oxygen operation or partial oxygen

enrichment?

• What is the best position of the H2 and O2 tanks taking into account the safety concerns and perfor-

mance of the aircraft?

• What are the effects of oxygen enrichment on the mass and power requirements of each subsystem?

• What are the effects of flight altitude on an aircraft with oxygen enrichment?

Research Sub-Questions



3
Methodology

This chapter provides the methodology used to create the aircraft designs studied in this report. In Section 3.1, the

workflow used to implement all the tools required for the aircraft sizing is presented. In Section 3.2, the models used

to size the fuel cell propulsion system and how they are implemented are described, as the main addition of this thesis

to the workflow. The validation of such methods is provided following their description to ensure the fidelity of

such implementation. Lastly, the designed aircraft will be described in Section 3.5, where the Top Level Aircraft

Requirements (TLARS) and the design parameters will be provided.

3.1. Aircraft Sizing Workflow
The workflow base was provided by DLR and was initially created for the clean aviation TheMa4HERA project [85].

This workflow was then altered to fit the needs of the current study, with the implementation of a tool that sizes a fuel

cell propulsion system and creates an engine map for the use of other tools. In addition to the tool developed for this

thesis, other tools in the workflow were developed at DLR and provided for use in this study. Two different levels

of fidelity are used. Level 0 (L0) methods, which are based on statistical or empirical design rules, allow for the

exploration of the design space at a low computational cost. And Level 1 (L1) tools that focus on specific disciplines

and are based on simplified physics models [86].

The tools provided by DLR are the following:

• Overall Aircraft Design: openAD is a tool that completes the conceptual aircraft design based on handbook

methods, being a L0 tool [87].

• Aircraft Mission Calculation: AMC calculates the mission fuel consumption by solving the equations of

motion at each time step with the help of the aerodynamic polars and the engine maps. It performs both the

calculations for the design and the reserve mission. The results of this tool are used to estimate the power

required for the climb by comparing the climb time obtained with the desired target [88, 89].

• Low Speed Performance: LSperfo performs a time-step calculation of the take-off by solving the equations

of motion; the result of this analysis, the take-off field length, is used to adjust the take-off power in order to

meet the take-off field length requirement [90].

• Liquid Hydrogen Tank: With the fuel mass calculated by AMC, the LH2 tanks are sized using geometric

definitions and values provided by DLR.

The workflow starts with an input file that contains the required inputs for openAD and all other tools. After

all tools are run, the results of each tool are synthesised to create a new openAD input from the updated values of

the higher fidelity methods, such as the mission fuel mass, the take-off field length, and the volume and mass of the

tanks. With that, the power requirements, fuselage geometry, and component masses, among others, are adjusted.

Once convergence is reached, the final output with the result of every tool’s last run is obtained for further analysis

and data processing. The visual representation of this workflow is presented in Figure 3.1.

The contribution of this thesis to the workflow comes in the form of creating a tool that sizes and simulates the

performance of a fuel cell propulsion system and is capable of performing such a procedure for varying oxygen

percentages in the oxidant mass flow. Besides that, the placement and sizing of additional oxygen tanks were also

added to the workflow. The description of how both of these sizing procedures are performed will be detailed in the

30
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following section. Finally, the last addition performed in this thesis to the workflow is the synthesis of all of the

tools’ data to update the inputs for a new iteration.

Figure 3.1: Aircraft design workflow

3.2. Modelling

3.2.1. Fuel Cell
The fuel cell modelling is a crucial part of the study as it is required to capture the influence of temperature, pressure

and oxygen concentration on the fuel cell performance.

The Nernst equation gives the ideal open circuit voltage of the fuel cell, Equation 2.1 [22], with the subtraction of

an additional factor, Ecr, which accounts for the open circuit voltage loss due to hydrogen cross-over from anode to

cathode without reacting [91], resulting in the following equation

E = Eref +
∆S

2F
(TFC − TFC,ref ) +

RTFC

2F
ln
(
pH2

(p
1/2
O2

)
)
− Ecr (3.1)

There are several irreversible losses in a fuel cell as explained in Section 2.1.1. While accounting for these losses,

the same variation in temperature, pressure, and oxygen content should be present in the model.

For the activation losses Equation 3.2 is used, which is based on [22].

ηact =
RTFC

4αF
ln

(
i

i0

)
(3.2)

where α is the cathode transfer coefficient and i0 is the exchange current density, which is calculated from a reference

value i0,ref with Equation 3.3 [39].
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i0 = i0,ref

(
pO2

pO2,ref

)γp

e
−Ec

RTFC
(1− TFC

TFC,ref
)

(3.3)

where the subscript ref represents reference conditions and Ec is the activation energy of the cathode reaction.

The ohmic losses are accounted for with an equation that obeys Ohm’s law, Equation 3.4. Although there are

ionic and electronic resistances, only ionic charge transport resistances are considered as they dominate [22].

ηohm = iASR (3.4)

ASR =

(
δmem

σmem
+

δCCL

f0.15
CCLσCCL

)
(3.5)

where ASR, the average specific resistance is obtained from Equation 3.5 [92], δ is the thickness of the layer, k is the

conductivity, and f is the ionomer fraction. The subscripts mem and CCL represent the membrane and the cathode

catalyst layer, respectively.

To obtain the conductivities of the membrane and CCL, the same equation applies, Equation 3.6.

σ = (0.005139λ− 0.00326)e

(
1268

(
1

303−
1

TFC

))
(3.6)

where λ is the water content in the component, which will be assumed to be 14 since the fuel cell is considered to

operate under the assumption that the membrane is in vapour-equilibrated conditions [93]. Therefore, there is no

liquid water in the membrane; this assumption will have further effects in the modelling of the system.

Lastly the concentration losses are modelled with Equation 3.7 [22].

ηconc =

(
1 +

1

α

)
RTFC

4F
ln

(
ilim

ilim − 1

)
(3.7)

where α is the cathode transfer coefficient and ilim is the limiting current, which is calculated from a reference value

and conditions, Equation 3.8. It is taken as proportional to the diffusivity and oxygen concentration in the cathode,

following the same approach as in [22]. Here, the water content in the membrane could also affect the diffusivity of

the reactants, but since it is assumed that such a value does not change during the fuel cell operation, such an effect is

not introduced.

ilim = ilim,ref
CO2

CO2,ref

DO2

DO2,ref
(3.8)

Where C is the concentration in the fuel cell channel and D is the diffusivity of the reactant.

The concentration and diffusivity are obtained from Equation 3.9 and the Chapman–Enskog formula [94],

Equation 3.10.

CO2
=

pFCXO2

RTFC
(3.9)

DO2 = DO2,ref

(
TFC

TFC,ref

)(3/2)
pFC,ref

pFC
(3.10)

With all the losses accounted for, the cell voltage is calculated.

Ecell = E − ηact − ηohm − ηconc − Ecr (3.11)

Once the voltage of the fuel cell is determined, the amount of power produced by a stack of fuel cells is calculated

with Equation 3.12.
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PFC = iAcellEcellNcell (3.12)

where Acell is the active cell area and Ncell is the number of cells in a stack.

The voltage efficiency of the fuel cell is defined as

ηV =
PFC

ṁH2
HHVH2

(3.13)

whereHHVH2
is the higher heating value of hydrogen and ṁH2

is the mass flow of hydrogen supplied. The mass

flow of hydrogen is computed with the following equation

ṁH2 =
NcelliAcell

2F
MH2 (3.14)

whereMH2
is the molar mass of hydrogen. The mass flow of oxygen can be computed similarly with

ṁO2
=

NcelliAcell

4F
MO2λO2

(3.15)

where λO2
is the oxygen stoichiometric ratio, the amount of oxygen to be supplied with respect to the stoichiometric

one. A value of 1.7 minimises compressor power consumption while keeping an optimal fuel cell performance [31].

As explained in Section 2.1.2, the necessity of using a higher amount of oxygen than necessary comes from the use

of ambient air in the cathode; therefore, a correction is applied to this factor such that it linearly reduces to 1.05 when
pure oxygen is being used,

λO2
= 1.05 +

1−XO2

1− 0.21
(1.7− 1.05). (3.16)

A reduction of the stoichiometric ratio to 1 would not be feasible because there is always a need for some air flow

to remove the produced water.

Since the fuel cell does not always operate with pure oxygen, the nitrogen mass flow rate also needs to be

computed. This is done using the percentage of oxygen in the air, XO2
, and the molar mass of nitrogen,MN2

,

ṁN2 = ṁO2

1−XO2

XO2

MN2

MO2
(3.17)

One last point to consider is that if the desired oxygen percentage is above the one in atmospheric composition,

there needs to be a distinction between the flow of oxygen from the tank and that from ambient air. For that, the

following equations are used,

ṁO2,air
= ṁO2

0.21(1−XO2
)

(1− 0.21)XO2

(3.18)

ṁO2,tank
= ṁO2

− ṁO2,air
(3.19)

Finally, the mass flow of ambient air is the following

mair = ṁO2,air
+ ṁN2

. (3.20)

With the power of a stack and its efficiency, the waste heat to be dissipated is calculated.

Q = PFC(
1

ηV
− 1) (3.21)

Since the systems are to be analysed in an aircraft integration context, their weight and volume should be

considered. In the case of the fuel cells, not only their characteristics should be accounted for, but also the weight and

volume of the endplates that comprise a fuel cell stack. For this, the analysis performed by Schröder et al. [95] is
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used, where the mass and volume of the stacks are calculated as follows,

mstack = mcellNcell +mstack,epNstack (3.22)

Vstack = VcellNcell + Vstack,epNstack (3.23)

where the mass of the cell is mcell = 0.072kg, the mass of the endplates of a stack are mstack,ep = 9.139kg and

their respective volumes are Vcell = 0.068L and Vstack,ep = 7.143L. The required number of cells for a certain

power is computed by rearranging Equation 3.12,

Ncell =
PFC

iAcellEcell
. (3.24)

The number of stacks necessary for the fuel cells required is calculated by assuming a maximum value of 455

cells per stack [95], rounding the number up to the nearest integer,

Nstack = ceil

(
Ncell

455

)
. (3.25)

Parametrization and Validation

As shown in the model described for the fuel cell, its performance depends on many parameters, some known or

defined and others fitted to some reference data. To fit these parameters, data from the thermodynamics institute

at DLR was provided for a Hydrogenics HD4 stack. For this fitting, the least squares method was implemented by

a Python package that would compute the minimum of the least squares function [96]. The bounds for the fitted

variables and their respective references are given in Table 3.1.

Table 3.1: Bounds of variables that are fitted

Variable Unit Lower Bound Upper Bound Ref. for Bounds

i0,ref A/cm2 1 · 10−8 1 · 10−1 [94], [97], [98]

ilim,ref A/cm2 1 100 [31]

α - 0.1 0.5 [97], [22]

δccl cm 0.0005 0.0015 [56], [94]

γ − 0.5 1.5 [99], [100]

The final values used for the fitted parameters are presented in Table 3.2, together with the values used for the

variables that are not fitted. The fuel cell active area, AFC , defines the power density of the fuel cell, the ratio of

power provided to mass, since a higher fuel cell active area results in higher power density of the fuel cell stack.

Equation 3.12 shows that fewer cells are required to provide the same power if the fuel cell area increases. The chosen

value of 250cm2 results in a maximum power density of about 2kW/kg, a representative value of state-of-the-art
fuel cells. The data and the model are compared in Figure 3.2. It is important to notice that not all data points were

used to calibrate the model, as certain conditions, such as drying of the fuel cell, are encountered in the data, and the

described model cannot predict such behaviour. This is evident at higher temperatures in the data provided, since in

those values, no further improvement of the fuel cell voltage is present, resulting in a levelling off of the curve, which

is the result of membrane drying.
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Table 3.2: Fuel cell model parameter values

Variable Value Unit

Acell 250 [31] cm2

E0 1.23 V

Ecr 0.2 [91] V

Ec 66000 Jmol−1

F 96485 kgmol−1

fCCL 0.15 [101] −
HV VH2

1.418 · 108 Jkg−1

R 8.314 Jmol−1k−1

∆S −163 Jmol−1k−1

i0,ref 5.4805 · 10−05 A/cm2

ilim,ref 1.3162 A/cm2

α 0.1915 −
δccl 5.5 · 10−4 cm

γ 1.448 −
pFC,ref 101325 Pa

TFC,ref 298.15 K

XO2,ref 0.21 −
CO2,ref

pFC,0XO2

RTFC,0
mol ·m−3

DO2,ref 2.06 · 10−5 m2s−1

Figure 3.2 shows that the model used in the present study can depict the performance of a fuel cell under several

different conditions. For high temperatures, the model would not provide the same results as the experimental data

used, since in the described model, the effects of phenomena such as the drying or flooding of the fuel cell are not

predicted.

Since the proposed model would not predict such phenomena, the temperature at which the fuel cell is operated

is kept constant, as any optimisation with such a variable would likely result in an unrealistic result. As a result, a

constant operating temperature of 80°C is used based on several studies [68, 21, 42].
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(a) Polarization curve

(b) Fuel cell voltage variation with temperature at

XO2
= 0.21

(c) Fuel cell voltage variation with temperature at

XO2
= 0.25

(d) Fuel cell voltage variation with temperature at

XO2 = 0.5
(e) Fuel cell voltage variation with temperature at

XO2 = 0.91

Figure 3.2: Model comparison with data from Schröder et al. [31]

3.2.2. Heat Exchanger

ε−NTU Method

For the heat exchanger model the ε−NTU method in [102] is implemented since it is the most widely used method

in heat exchanger design, which is based on the effectiveness of heat transfer, ε, and the number of transfer units,

NTU.
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Cold Air

Hot Coolant

HHE

LHE

WHE

Figure 3.3: Heat exchanger topology

The effectiveness is the ratio of heat transfer between the two fluids to the maximum possible heat transfer,

ε =
Q

Qmax
(3.26)

where the maximum heat transfer is obtained from the minimum heat capacity and maximum temperature difference

between the two fluids,

Qmax = Cmin(Th,in − Tc,in) (3.27)

Cmin = min(ṁaircp,air; ṁcoolantcp,coolant) (3.28)

Usually, the minimum heat capacity is on the air side due to its lower specific heat capacity, which is more than

three times lower than that of the coolant used.

While the maximum heat is known, the actual transferred heat depends on the effectiveness, which is a function

of the NTU and the heat capacities ratio, Cr = Cmin

Cmax
, Equation 3.29 [102].

ε = f(NTU,Cr) (3.29)

The NTU depends on both the fluid properties and the geometry of the heat exchanger. Its relation with the

effectiveness depends on the heat exchanger’s topology. Being that the topology analysed in this work is of an

unmixed cross-flow single-pass heat exchanger, Figure 3.3, the following relation applies

ε = 1− exp

(
1

Cr
NTU0.22(exp(−CrNTU0.78)− 1)

)
(3.30)

Geometry

To implement the ε−NTU method, the heat exchanger’s geometry is required to compute values used in the method,

such as heat transfer and free flow areas. The type of heat exchanger used is the offset fin strip type on the air side

with flat tubes on the coolant side for reasons detailed in Section 2.2. The geometry of each side of the heat exchanger

and the geometric parameters that define them can be seen in Figure 3.4.

All the parameters besides the length of the heat exchanger will be fixed, with the length of the heat exchanger

resulting from a sizing procedure.
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Hfin sfin

pfin

tfin

hfin

lfin

htube

ttube

Htube

Figure 3.4: Heat exchanger geometry definitions of tubes, top, and fins, bottom

The heat transfer area of the air side is defined from [102] as

Afin = 2hfinlfin + 2hfintfin + sfintfin (3.31)

Aprimary = 2sfinlfin (3.32)

With the total heat transfer area being

Aair = Nfins(Aprimary + ηfinAfin) (3.33)

where Nfins is the total number of fins, to be calculated with Equation 3.43, and ηfin is the fin efficiency, which for

an offset fin can be calculated with the following equations [102]

ηfin =
tanh(ml)

ml
(3.34)

ml =

(
2hc,air

kfintfin

(
1 +

tfin
lfin

))0.5(
Hfin

2
− tfin

)
(3.35)

where hc,air is the air side heat transfer coefficient and kfin is the thermal conductivity of the fin material, in the

case of the chosen material, aluminium, a value of 190W/m.K is used.

The total heat transfer area of the coolant side is made up of only the primary surface, as no fins are present, and

is calculated with

Acoolant = pfin(πhtubes + 2(lfin −Htubes))NtubesNfinsperpassageNoffsets (3.36)

where Noffsets is a positive integer for the number of fin offsets in the heat exchanger since for this design the width

of a tube is the same as the length of a fin, Nfinperpassage is a positive integer for the number of fins per air passage

and Ntubes is a positive integer for the number of tube sections in the direction of the heat exchanger height.

Another area value that will be useful later on the method is the free flow area of both fluid sides. Such values are

computed with the following equations,

A0,air = sfinhfinNairpassagesNfinperpassage (3.37)

A0,coolant = (htubes(lfin −Htubes) + π
h2
tubes

4
)NoffsetsNtubes (3.38)
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The number of fins, fins per passage, air passages and tube sections are calculated assuming that at both ends

of the heat exchanger there is an air section. For a certain heat exchanger height (HHE), width (WHE) and length

(LHE) the following equations apply,

Nairpassages = 1 +
HHE −Hfin

Htubes +Hfin
(3.39)

Nfinperpassage =
WHE

pfin
(3.40)

Ntubes = Nairpassages − 1 (3.41)

Noffsets =
LHE

lfin
(3.42)

Nfins = NairpassagesNfinperpassageNoffsets (3.43)

To complete the implementation of the method, the properties of the fluids are also required. For the air side, the

correlation for the Colburn and friction factors from [103] are used,

jair = 0.6522Re−0.5403
air (sfin/hfin)

−0.1541(tfin/lfin)
0.1499(tfin/sfin)

−0.0678

(1 + 5.26910−5Re1.34air (sfin/hfin)
0.504(tfin/lfin)

0.456(tfin/sfin)
−1.055)0.1 (3.44)

fair = 9.6243Re−0.7422
air (sfin/hfin)

−0.1856(tfin/lfin)
0.3053(tfin/sfin)

−0.2659

(1 + 7.66910−8Re4.429air (sfin/hfin)
0.920(tfin/lfin)

3.767(tfin/sfin)
0.236)0.1 (3.45)

where the Reynolds number is computed by using the mass flow of the fluid,

Re =
ṁDh

A0µ
(3.46)

where ṁ is the mass flow,Dh is the hydraulic diameter, A0 is the free flow area and µ is the dynamic viscosity. This

Reynolds number definition applies to both the air and the coolant side. For each side, the hydraulic diameter is

defined as

Dh,air =
4sfinhfinlfin

2(sfinlfin + hfin·lfin + hfin·tfin) + sfintfin
(3.47)

Dh,coolant =
4(htubes(lfin −Htubes) + πh2

tubes/4)

(πhtubes + 2(lfin −Htubes)
(3.48)

The dynamic viscosity, µ, heat capacity, cp, and thermal conductivity, k, are taken for average temperature values

of the fluids in the heat exchanger. The average temperature of the fluids is calculated with the method from Shah

et al. [102] for cross-flow heat exchangers. The process is presented in Table 3.3, for a general hot and cold fluid,

subscript h and c, respectively, since, depending on the application of the model, for the main heat exchanger or for

the intercooler, the correct set of equations should be used. The subscripts in, out andm are for the inlet, outlet and

average conditions, respectively.

Table 3.3: Approximate mean temperatures on a two-fluid heat exchanger’s hot- and cold-fluid sides [102]

Cmax Hot Fluid, Cmin Cold Fluid Cmax Cold Fluid, Cmin Hot Fluid

Cr < 0.5 Case

Th,m =
Th,in + Th,out

2
Tc,m =

Tc,in + Tc,out

2

Tc,m = Th,m −∆Tlm Th,m = Tc,m +∆Tlm

∆Tlm =
(Th,m − Tc,out)− (Th,m − Tc,in)

ln
(

Th,m−Tc,o

Th,m−Tc,in

) ∆Tlm =
(Th,in − Tc,m)− (Th,out − Tc,m)

ln
(

Th,in−Tc,m

Th,out−Tc,m

)
Cr ≥ 0.5 Case

Th,m =
Th,in + Th,out

2
Tc,m =

Tc,in + Tc,out

2
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With the mean temperatures, the fluid properties are obtained from the tool Cantera [104] for the air properties

and from the Coolprop database [105] for the coolant.

With the fluid properties, the Prandtl number is computed [102]

Pr =
Cpµ

k
(3.49)

Once the Colburn factor and the Prandtl number are obtained, the Nusselt number of the air can be computed

with the following equation [102]

Nuair = jRePr1/3 (3.50)

For the coolant side, the set of equations found in VDI heat atlas [106] is used to compute the coolant Nusselt

number. For the case the where Recoolant < 2300 the following equations are used

Nu2 = 1.615(RePrDh/WHE)
1/3 (3.51)

Nu3 =

(
2

1 + 22.2Pr

)1/6

(RePrDh/WHE)
1/2 (3.52)

Nu =
(
3.663 + 0.73 + (Nu2 − 0.7)3 +Nu3

3

)1/3
(3.53)

And for the case where Recoolant > 104 the Nusselt number is

Nucoolant =
(ξ/8)RePr

1 + 12.7
√
ξ/8(Pr2/3 − 1)

(
1 + (Dh/WHE)

2/3
)

(3.54)

where

ξ = (1.8log 10Re− 1.5)−2 (3.55)

On both laminar and turbulent cases, a factor is applied to account for the variation of temperature-dependent

properties, as is the case for the thermodynamic properties of the coolant. This factor considers the Prandtl number at

the wall temperature, which, following Schröder et al. [95] approach, is defined as

Twall =
Tcoolant,in+Tcoolant,out

2 +
Tair,in+Tair,out

2

2
(3.56)

The factor applied is
(

Pr
Prwall

)0.11
[106].

Once the Nusselt numbers are obtained, the heat transfer coefficient of either the air or the coolant is calculated

with the following equation

hc =
Nuk

Dh
(3.57)

With the thermodynamic properties and the heat transfer area of both the fluids, the heat transfer capacity of the

heat exchanger, UA, is calculated with

1

UA
=

1

hc,airAair
+

1

hc,coolantAcoolant
(3.58)

The previous equation assumes that the aluminium’s resistance is negligible due to its high thermal conductivity.

Finally, the number of transfer units is calculated

NTU =
UA

Cmin
(3.59)
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Once the outlet conditions are known, the pressure drop over the heat exchanger is calculated. For this purpose,

only the friction component of the pressure drop is accounted for, since the pressure variations at the inlet and outlet

of the heat exchanger partially compensate for each other. This approach is in accordance with Shah et al. [102], that

suggested that frictional pressure drop dominates. The equation used to calculate the pressure drop is the following

∆pHE = 2
LHEfairµ

2
airRe2air

D3
h,airρair

(3.60)

The mass of the heat exchanger can be directly calculated from the geometric variables defined as well as the

volume of the coolant side, which will be used to obtain the total coolant mass required to maintain the system

operational.

The heat exchanger air side design was chosen from the list used by Raj M. Manglik et al. [103] to develop the

used correlations. From the several heat exchangers provided, the geometry presented in Table 3.4 was picked due to

being a good combination of compactness, or heat transfer area per volume, while not resulting in a high pressure

drop due to that same compactness.

Table 3.4: Heat exchanger and intercooler design [103, 107]

Variable Value(mm)

tfin 0.102

hfin 6.239

sfin 1.522

lfin 3.188

htubes 1.6

ttubes 0.2

Validation

To validate the heat exchanger modelling, the air side correlations were verified with data from the software EchTerm

by Greth [GRETh . 2025]. The data was obtained through Scoccimarro [55] study, since access to the Echterm

software was not possible. The values used for the verification and the results are presented in Table 3.5.

Table 3.5: Air side correlations validation

Variable Value Results EchTerm Model

tfin 0.1mm hc 336.3Wm−2K−1 345.7Wm−2K−1

hfin 2.3mm ∆p 794.9Pa 830.3Pa

sfin 1.16mm

lfin 3.1mm

LHE 2.2cm

vair 27.11ms−1

Tair 20°C

pair 1bar

The results obtained with the implemented model are within 5% of the values obtained with EchTerm, which is

within an acceptable range.

After the smaller verification of the air side correlations, the whole heat exchanger model is validated with the

work of Hao et al. [108]. In this study, the data obtained from an experimental setup of a heat exchanger are used to

validate the implementation of a model. The heat exchanger used has offset fin strips on both the coolant, in this

case water, and the air side, and therefore is not the same as the one used for this thesis. Nevertheless, this validation

is reasonable due to a lack of available validation data for this type of heat exchangers and since the air side is the
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limiting factor of the heat exchange. For the water side geometry, the values from Hao et al. [108] are adjusted to

allow for their implementation in the developed model. The values used are presented in Table 3.6.

Table 3.6: Heat exchanger geometry from Hao et al. [108] used for validation

Variable Value(mm)

tfin 0.2

hfin 9.3

sfin 1.8

lfin 4.0

htubes 2.8

ttubes 0.1

Ntubes 13

Nairpassages 14

LHE 140

The first comparison is made with the numerical model used by Hao et al. [108]. In Figure 3.5, the results of

both numerical models are presented. The thermal resistance, Rthermal, measures the inlet temperature difference

between air and water per unit of heat transferred. The results obtained with the model of this thesis are substantially

higher than the ones from Hao et al. [108], increasing the higher the mass flow of air. Such a result was expected

since, as mentioned previously, the water side geometry differs, with it being worse at heat transfer when fins are not

used, since the fins increase turbulence in the flow, which improves heat transfer. Therefore, a lower heat transfer

for the same difference in inlet temperatures is expected. Even though the values do not match, the heat transfer

behaviour with respect to the mass flow of air is similar. When analysing the pressure drop, the values obtained are

much more similar to the ones from Hao et al. [108]. This is expected since the correlations used for the air side are

the same in both models. The differences may stem from the method used to compute the air properties, since no

information is given on that matter.

(a) Thermal resistance (b) Air side pressure drop

Figure 3.5: Model comparison with data from Hao et al. [108]

The experimental data is presented in Figure 3.6. From the heat transfer plot, it is clear that the discrepancy

between the experimental and numerical data from Hao et al. [108] remains. The model used in this thesis results

in a lower heat transfer for the same conditions due to the already presented reasons. In the case of the pressure

drop, a much higher, unexpected difference is present. In this case, the numerical data from Hao et al. [108] was not

provided. Still, the same or even worse deviation is expected, since from the previous comparison, the pressure drop
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from the present model was higher. There is no clear reason for this difference, with Scoccimarro [55] speculating

that the test section dimensions and wall interaction with the fluid might be the origin of such a difference. Besides

that, it could also be possible that the separation of the flow at the test section, which the numerical models would not

predict, would lead to the present differences.

(a) Heat transfer (b) Air side pressure drop

Figure 3.6: Model comparison with data from Hao et al. [108]

3.2.3. Compressor
The compressor model is based on a linear regression obtained from available compressor data by Celeroton [109],

Fischer [110], ROTREX [111], and Sprintex [112], which relates the compressor power to its mass and volume. The

results are shown in Figure 3.7.

(a) Compressor mass (b) Compressor volume

Figure 3.7: Linear regressions for compressor with data from Celeroton [109], Fischer [110], ROTREX [111], and

Sprintex [112]

Its power needs to be calculated to obtain the compressor’s mass and volume. This is done with equation

Equation 3.61.

Pcomp =
ṁair,FCcp,air
ηcomp,motor

(Tt,comp,out − Tt,comp,in) (3.61)

where mair,FC is the mass flow of air that goes to the fuel cell, cp,air is the average specific heat capacity of air,
ηcomp,motor is the electric motor efficiency which takes a constant value of 0.98, Tt,comp,in is the inlet temperature of

the compressor, that is defined from inlet properties and ambient conditions and Tt,comp,out is the outlet temperature

of the compressor.
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The outlet temperature of the compressor depends on the operating pressure of the fuel cell and on the pressure

drop of the air supply path. As a result, its value is calculated with the following equation

Tt,comp,out = Tt,comp,in(1 +
1

ηis
(β(γ−1)/γ−1)) (3.62)

where ηis is the isentropic efficiency of the compressor, assumed to be 0.80, β is the pressure ratio, and γ is the

specific heat ratio. The pressure ratio needs to take into account all pressure losses of the air supply path, being

defined as follows,

β =
pFC +∆pIC +∆pH
pt,comp,in −∆pF

(3.63)

where pFC is the operating pressure of the fuel cell, ∆p is the pressure drop over each component, with IC, H and

F standing for intercooler, humidifier and filter, respectively, and pt,comp,in is the inlet pressure.

One last detail of the model is that the specific heat capacity of air is taken as an average over the range of inlet

and outlet temperatures, since, due to the large difference between these two values, the specific heat capacity varies

significantly. It is calculated with

cp,air =
1

Tt,comp,out − Tt,comp,in

∫ Tt,comp,out

Tt,comp,in

cp,air(T )dT (3.64)

3.2.4. Filter
The filter is a crucial part of the system as it ensures all other components can operate under ideal conditions with no

contamination. To model such a component, several filter products were used to create a relation that outputs the

filter volume from the air mass flow in standard litres per minute (SLPM) that needs to be filtered. The same could

not be achieved for its mass, since in the product data sheets, there was no information on the mass of the filters.

Therefore, the mass of the filter is estimated using the equation found in the thesis by Vroom [113],

mF = 6 · ṁair,FC (3.65)

Another fundamental result of the filter performance is the pressure drop over it. If the same approach for

obtaining a linear regression with product data were used for the pressure drop, the resulting pressure drop would be

in the range of 20000 ∼ 30000Pa. That is because in the application of this study, each pod will require an air mass

flow of around 0.5kg/s, which equates to 5 · 105SPLM , which, when extrapolated to the data in Figure 3.8, results

in the previously given values of pressure drop. Since the pressure drop over the filter is more a concern of the length

of the filter and the flow speed over it, it will be assumed that an arrangement where the pressure drop could be kept

small is used. Therefore, 600Pa is used as the pressure drop over the filter to size the system.

(a) Filter volume (b) Filter Pressure Drop

Figure 3.8: Linear regressions for filter with data from Freudenberg [114]
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3.2.5. Humidifier
In the humidifier case, a very similar approach to the one taken for the filter is used. In this case, data for both volume

and weight are available and are then used to obtain the equations required, shown in Figure 3.9. Once again, the

resulting equations are with respect to the SLPM of air.

(a) Humidifier mass (b) Humidifier volume

Figure 3.9: Linear regressions for humidifier with data from fumatech [115]

Just as it happened for the filter, the pressure drop would also be extremely high in the humidifier if the same

linear regression method were used. In this case, from the data in Figure 3.10, a pressure drop of around 600kPa
would be achieved. Therefore, a pressure drop of 8000Pa for the humidifier will be assumed.

Figure 3.10: Linear regressions for humidifier pressure drop with data from fumatech [115]

3.2.6. Air Duct
The air duct comprises the inlet, heat exchanger and nozzle. In terms of geometry, the inlet and nozzle will not be

analysed or sized in detail, and the tool openAD already estimates the nacelle mass. To calculate the conditions at the

inlet, under the advice of DLR researchers, it is assumed that the propeller does not influence the speed of the ambient

air entering the inlet, as it is difficult to accurately predict the influence that the propeller has on the flow for every

flight phase. Therefore, the total pressure and temperature at the inlet are calculated with the following equations

Tt,0 = T0(1 +
(k − 1)

2
Ma20)

(γ/(γ−1)) (3.66)

pt,0 = p0(1 +
(k − 1)

2
Ma20)

(γ/(γ−1)) (3.67)

where the subscript 0 represents ambient conditions.

It is assumed that there are no losses at the inlet and diffuser [116], and therefore the total ambient conditions are

the ones used at the heat exchanger and compressor inlets.
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The height and width of the duct where the heat exchanger will be placed are also user defined and together

with the inclination angle of the heat exchanger are used to compute the actual height of the heat exchanger with the

following equation

HHE =
Hduct

cos θHE
(3.68)

Such inclination has been proved to increase the heat transfer and pressure drop. Since no method was found to

model such an increase in pressure drop, it is not accounted for.

After the heat exchanger, the air flow is expanded back to ambient pressure, pnz,out = p0 since the flow is always

under subsonic conditions. As a result, the mass flow of air results from the pressure and temperature variation over

the heat exchanger and the nozzle area. In this study, the nozzle is assumed to be a variable area nozzle such that the

flow expands perfectly for a particular mass flow.

The conditions after the heat exchanger are known from the results of its model, and with that, the speed of the

flow at the nozzle is calculated, assuming a nozzle total pressure ratio of 0.99 [116], with the following equations

pt,nz,out = 0.99(pt,0 −∆pHE) (3.69)

Manz,out =

√√√√ 2

γ − 1

((
pt,nz,out
pnz,out

) γ−1
γ

− 1

)
(3.70)

vnz.out = Manz,out
√

γRTnz,out (3.71)

where Tnz,out is the static air temperature at the nozzle outlet and is calculated with Equation 3.66, where the total

temperature is the one at the exit of the heat exchanger.

Finally, the area of the nozzle and, consequently, the thrust of the heat exchanger air flow is calculated with the

following equations

Anz,out =
ṁair,HE

ρnz,outvnz,out
(3.72)

Ft = ṁair,HE(vnz,out − v0)− (ṁair,FC + ṁO2,tank)v0 (3.73)

Besides the contribution of the air duct flow, there is also the contribution of the air and possible tank oxygen

flow that goes through the fuel cell. This part of the momentum loss calculation assumes that the fuel cell flow is

dispensed with no velocity.

3.2.7. Coolant Loop
The last part of the modelled system is the components related to the coolant transport and storage. A pump is

required to keep the coolant flowing. The required power of this pump is not evaluated as it represents a very low

percentage of the total power produced by the fuel cell [113, 95], not even reaching 0.5% of the total power. The

power this pump and other low power components is accounted for as a fixed percentage increment in the required

power of the fuel cell of 1% [56].

For the mass and volume of the coolant pump, manufacturer data provided by Schröder et al. [95] is used, and a

linear scaling of this baseline design is used

mpump = mpump,base
ṁcoolant

ṁcoolant,base
(3.74)

Vpump = Vpump,base
ṁcoolant

ṁcoolant,base
(3.75)

where ṁcoolant,base = 5kg/s is the baseline coolant mass flow,mpump,base = 3.4kg is the baseline pump mass and

Vpump,base = 7.7L is the baseline pump volume.
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The mass flow of the coolant is calculated with the waste heat from the fuel cell and assuming that the temperature

variation of the coolant in the fuel cell,∆Tcoolant,FC , is of 10K, where its exit temperature is the operating temperature

of the fuel cell. The mass flow of coolant is then calculated with

ṁcoolant =
Q

cp,coolant∆Tcoolant,FC
(3.76)

To flow to and from the different components, pipes are required. The pipe area is 20% of the free flow area of

the coolant in the heat exchanger. With its area, the diameter of the pipe is calculated

Dpipe =

√
4Apipe

π
(3.77)

To calculate the mass of the pipe a thickness of 2mm is assumed unless a verification with Barlow’s formula

results in a required thickness of more than 2mm. This verification is done with the following equation

treq =

ppipeDpipe

2Spipe

1− ppipe

Spipe

(3.78)

where ppipe is the internal pressure of the pipe, Spipe is the yield strength of the material and Dpipe is the pipe

diameter. For this calculation, aluminium is used as the pipe material with a yield strength of 170MPa and the

internal pressure of the pipe is 0.3MPa.

With the thickness and a specified length of the pipes, the mass of the pipes is calculated

mpipe = Lpipeπ((
Dpipe

2
+ tpipe)

2 −
D2

pipe

4
)ρal (3.79)

where Lpipe = 3m is the pipe length and ρal is the aluminium density.

The last mass that needs to be accounted for is the mass of the coolant itself. For that, the total volume the coolant

needs to occupy is calculated. The total volume comprises the liquid side of the heat exchanger and intercooler, the

pipe, and the coolant channels of the fuel cells, with only the volume of the coolant channels yet to be defined. The

value used for the coolant channel volume is 10% of the total stack volume, as DLR researchers indicated that this

would be a reasonable estimate.

The mass of coolant in the systems is

mcoolant = (Vcoolant,HE + Vcoolant,IC + Vpipe + 0.1Vstack)ρcoolant (3.80)

where Vpipe = ApipeLpipe.

3.2.8. Power Train
Since the power values provided to size the system are the shaft power required by the propeller, Pshaft, it is necessary

to translate that power to the power that the fuel cells need to provide.

The components required for the power train, starting from the one connected to the propeller, are the gearbox,

the motor, the inverter, the cables, and the converter. For each of the components, their mass, as well as the output

power of the next component, is calculated with the following equations

mcomponent =
Pout,component

ρP,component
(3.81)

Pout,component+1 =
Pout,component

ηcomponent
(3.82)

where ρP,component is the power density and ηcomponent is the efficiency.

The only exception to this set of equations is the cable mass, which is calculated with the linear mass density of

the cable and its length, Equation 3.83. For each pod, an assumed length of 2 meters is used for the cables.
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mcable = Lcableρcable (3.83)

where ρcable is the linear density of the cables, with a value of 5kg/m.

The specific power and efficiency of each component is given in Table 3.7.

Table 3.7: Power train components power density and efficiency [117]

ρP (kW/kg) η

Gearbox 17 0.995

Motor 17 0.98

Inverter 18 0.995

Converter 10 0.975

The power that the fuel cell needs to generate is the following

PFC =
Pshaft

ηGBηMηInvηConvηCable
+ Pofftakes + Pcomp (3.84)

where Pofftakes is the aircraft systems offtake power that the propulsion system also needs to provide as extra power.

3.2.9. Battery
Since the propeller’s effect is not considered at the air duct inlet, at low speeds, the pressure drop over the heat

exchanger would be greater than the increase in pressure from the flow speed. As a result, the air duct would not

have flow. Since this is the case, there would be no heat dissipation at take-off. Therefore, to provide the required

power at take-off, a battery is used until a Mach number of 0.2 is reached, from which the fuel cell is used, because at

this point the passive air duct can function accordingly.

To size the battery, both power density and energy density are used, with the worst case scenario being the sizing

criterion. Since the battery application is for a short-duration, high-power supply, the corresponding values for such a

battery from [9] will be used. The following equation is used to obtain the battery mass

mbattery = max

(
2tTOPbattery + Energytaxi

ρenergy · 3600
,
Pbattery

ρP,battery

)
(3.85)

where tTO is the take-off time, Energytaxi is the energy required for taxi in and out, ρenergy = 180kWh/kg is the

energy density, ρP,battery = 5.4kW/kg is the power density and Pbattery is the power required from the battery.

The power the battery needs to provide is the same as that of Equation 3.84.

If a battery is used, there is also the need for a cooling system to dissipate the waste heat it generates. In this case,

a vapour cycle cooling system is required due to the low operating temperatures of batteries. A simple approach of

using the power density to obtain the mass of this system is used. With equation Equation 3.21 and an efficiency of

ηbattery = 0.95, the waste heat of the battery is calculated. Together with a power density of ρP,V P = 0.2kW/kg
[118], the mass of this cooling system is obtained with the following equation

mV P = ρP,V PQbattery (3.86)

3.2.10. Tanks
The liquid hydrogen tanks are modelled with a tool provided by DLR. With this model, an assumed gravimetric

efficiency of 30% is used, and the placement of the tanks is behind the cabin, in the aircraft’s tail section. When

liquid oxygen tanks are needed, a simple approach of assuming a specific gravimetric and volumetric density is taken.

The data available for such oxygen tanks is very limited. While several values can be found for medical applications,

for mobile fuel cell applications, only one was found [76], where the gravimetric density is, ηgr,O2
= 0.786 and the

volumetric density is, ρtank,O2
= 661kg/m3, for a tank with aluminium walls and vacuum multi-layer insulation.

These values already account for system integration components, such as valves.
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With these values and the amount of liquid oxygen required for the mission of the aircraft, which is a result of the

AMC tool, the mass and volume of the tank can be calculated with the following equations

mtank,O2
= mO2

(
1

ηgr,O2

− 1

)
(3.87)

Vtank,O2 =
mO2

ρtank,O2

(3.88)

The placement of the oxygen tanks was decided based on the availability of space, safety concerns and weight

distribution. Since the hydrogen tanks are at the rear section of the aircraft and because the oxygen tanks would

require much less volume, due to being used in shorter segments of flight and because the stoichiometric amount of

molecules of oxygen is half of the hydrogen ones, they are placed in the cargo bay in front of the wing. As a result,

there is also a substantial distance between hydrogen and oxygen tanks, preventing risk-inducing situations of their

mixing outside the fuel cell. This placement also balances the distribution of weight in the aircraft.

With its placement decided, the geometry of the tanks was defined. In the same manner as any cryogenic liquid, a

cylindrical tank is used. Since two tanks are required to comply with regulations, two tanks are placed side by side.

Lastly, the maximum diameter of such tanks was calculated based on the cross-section of the fuselage used, presented

in Figure 3.11. The diameter of the tanks was optimised to make use of the maximum area out of the available one.

As a result, the diameter of each tank is dtank = 0.82m.

Cabin

LO2 LO2 0.9m

3.45m0.1725m

Figure 3.11: Fuselage cross section with oxygen tank placement

3.3. System Sizing
For the system sizing, three flight points will be evaluated. They are take-off at the second segment point, top-of-climb

and cruise. Different Mach, altitude, power, aerodynamic efficiency, and ambient conditions apply for each point. At

each design point, an optimisation is performed for the mass flow of air through the air duct, the fuel cell’s operating

pressure, and the design power factor. The design power factor is a value that relates the operating power of the fuel

cell with respect to the maximum power that the fuel cell can produce. This value is fundamental since a high design

power factor is the equivalent of a high operating current, resulting in a low fuel cell mass, but a high cooling power

demand due to the lower efficiency of the fuel cell. Conversely, a low design power factor requires a higher fuel

cell mass to provide the desired power, but at a higher efficiency and lower cooling power. The mass flow of air

through the air duct is optimised since there is an optimum between improved cooling performance for high mass

flows and low pressure drop for lower mass flows. Lastly, the operating pressure is optimised because its value

affects the subsystems. A higher operating pressure improves fuel cell efficiency but requires a higher compressor
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power and intercooler length. Therefore, it might happen that a higher operating pressure actually reduces the net

fuel cell efficiency and increases the total mass of the system.

The optimisation is done for a singular objective function. This objective function is an equation that calculates

the total power required from the propulsion unit to compensate for its own weight and drag. The following equation

is used

Preq =
Wtotalv0

L
D

− FT v0 (3.89)

whereWtotal is the total system weight and L
D is the aerodynamic efficiency of the aircraft.

To understand how the sizing is done, the process will be explained with all the relevant methods implemented

that use the presented models.

Firstly, the ambient conditions are calculated for the Mach and altitude of a specific point. After the compressor,

intercooler and fuel cell models are implemented until a converged solution is reached. The convergence is necessary

since the compressor power depends on the mass flow of air, resulting from the fuel cell analysis, which also accounts

for the compressor power.

The implementation of the intercooler follows an iterative approach in which the intercooler’s length is the result

of such a process. In addition to the intercooler length, the required coolant temperature difference to reduce the air

temperature is also an output of this system. This result is used to obtain the temperature to which the main heat

exchanger needs to cool down the coolant.

Once the intercooler design is complete, the fuel cell is sized. For a specific design power factor and operating

conditions, the number of singular fuel cells and stacks, the mass flows of reactants and the mass flow of coolant are

calculated. With the mass flows of reactants coming from the tanks, be itH2 orO2, it is assumed that heat dissipation

could be achieved by boiling and heating the reactants to the fuel cell operating temperature, for hydrogen starting

from a temperature of 20K and for oxygen starting from a temperature of 90K. The result is the inlet temperature of

the coolant at the heat exchanger, which is lower than the operating temperature of the fuel cell due to the reactant

cooling.

With the converged mass flow of air, the humidifier and the filter are sized. Followed by the sizing of the heat

exchanger, which is done similarly to the intercooler, by iterating until the length at which the waste heat is dissipated

is reached. In the end, the exit conditions of the mass flow of air through the heat exchanger are computed, and the

resulting thrust is calculated.

This process is completed for each set of design variables until the optimum has been found. An XDSM of the

optimisation is shown in Figure 3.12.
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1

Inlet
Tt,inlet , pt,inlet

2.0, 2.3 → 2.1 :

MDA
∆ptIC , ṁ
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Figure 3.12: XDSM of first optimisation where each point is sized independently
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The optimizer used is from the python Scipy [96] library, more specifically the differential evolution optimizer

[119, 120, 121, 122]. The choice of this optimiser came as a result of the characteristics of the optimisation at hand.

Several of the different methods used in the fuel cell system sizing have a non-differentiable discontinuous nature,

such as the number of fuel cells or the length of the heat exchanger. Therefore, gradient-based optimisers could have

difficulties dealing with such design spaces. The chosen optimiser is also capable of dealing with multiple variables.

It is better implemented with fast objective functions, since it performs many function evaluations, as is the case with

this sizing procedure, which takes less than 0.05s. The optimiser used is a stochastic global optimiser, and if not set

up correctly, it could result in differing results each time it is run. To prevent such undesired effects, the options of

the optimiser were tuned to a value that ensured reproducibility of the results.

The chosen optimiser does not require any initial guess but still requires bounds. The bounds of the DPF were set

at 0.2 and 1 for the lower and upper bounds, respectively. The lower bound is not set at zero because for really low

values of the DPF, the stack mass would increase rapidly, such that those points would not be part of the feasible

domain when integrated in the aircraft. Therefore, the lower bound was increased to prevent an increase in design

space and computational time. For the bounds of the operating pressure, the lower bound is set as the maximum

between 1atm and the minimum operating pressure that would ensure the operating temperature of the fuel cell

is met. This is because after the compressor, the temperature may not be the one set as the operating temperature

if the operating pressure is too low. Therefore, the pressure ratio required to reach it would be higher than that

needed to reach 1atm. The upper bound was set at 2atm, with both the lower and upper bounds of 1 and 2 atm being

recommended by Schröder et al. [95]. The bounds of the mass flow of air are dynamically set, with Equation 3.90,

by taking into account the power demand of the design point and a worst and best case scenario for the fuel cell

efficiency of 30% and 65%, respectively. In every optimisation, the optimum mass flow is compared with the mass

flow bounds to ensure that the bounds do not limit the solution.

ṁ =
P ( 1

ηV
− 1)

cp,air∆Tair
(3.90)

Since this optimisation will be performed for 3 flight points, the worst case scenario out of the three would be

picked. If the worst value for each subsystem were picked, some systems would be unnecessarily oversized. This is

because the main component of the system, the fuel cell stack, defines the conditions for every other system to be

sized. Suppose a system is sized for a bigger stack. In that case, all other components can reduce their size, because

with a bigger stack, a lower current can be used to provide the same power, and its efficiency increases, reducing the

size of all other systems. Therefore, the highest stack size is taken, and the other two points to which that size of

stack does not belong are optimised again, with a fixed stack size. This results in lighter systems than what would

be the result of the independent optimisation of each point. In this way, the optimisation of all 3 points is coupled.

When this happens, the DPF is no longer a design variable and becomes a result of the calculations since the fuel

cell model will calculate the lowest DPF to supply the desired power, since the stack size is fixed. An XDSM of

this slightly changed optimisation problem is shown in Figure 3.13, where it can be seen that the DPF is no longer a

design variable and that the number of cells becomes an external input to the fuel cell block.

Once this second optimisation is finished, the worst case scenario for each system is taken as the solution.
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Figure 3.13: XDSM of second optimisation where stack size is fixed by the worst case of the first optimisation

3.3.1. Validation
Even though the fuel cell and heat exchanger modelling were validated, it is also necessary to evaluate how the

complete system sizing compares to other studies on fuel cell propulsion in aircraft. For that, four different studies

were used. Figure 3.14 shows a bar chart of the systems mass for the present study and the ones used for comparison.

To obtain the results under the present study, the required values to run such a sizing procedure were taken when

possible. Some values were not retrievable, either because they were not used in the modelling of that study or

because they were not given, even though they were part of the modelling requirements. When this was the case,

reasonable assumptions were made on the value to use. In this comparison, the heat exchanger part of the system

includes the coolant, coolant pump, and pipe mass, since most studies did not consider them or distinguish them from

the heat exchanger.

In Figure 3.14a, it is clear that the sizing of all systems is not similar. Starting with the heat exchanger, the

predicted mass by Massaro et al. [56] is over 3 times higher than the one obtained in the present study. Such a value

seems to be quite an exaggeration of the heat exchanger mass, as any aircraft implementation would be put in question

if the heat exchanger had to be that heavy. The fuel cell mass is also much lower due to an assumed power density of

the fuel cell higher than the one used in the present study. The compressor modelling follows a similar approach as

the one used in the present study, but with a much lower power density of 1.03kW/kg compared to the one obtained

in the present work of around 2.03kW/kg, which results in a higher compressor mass. The humidifier, filter, and

intercooler are not modelled by Massaro et al. [56] and therefore cannot be compared.

In the study by Vroom [113] the fuel cell mass is comparable to the one obtained by the presented model, and the

heat exchange components, be it the main heat exchanger or the intercooler, are predicted to have a higher mass.

This is likely because the heat exchanger used has a simpler and less efficient fin design, with just straight fins and no

offset. Both the humidifier and compressor are extremely lightweight, and their models follow assumptions that do

not seem feasible. For example, the mass of the compressor is assumed to be slightly higher than that of a compressor

rated for 200g/s and 32kW , about 1.5 times higher. In comparison, the analysis results provide a mass flow of

2kg/s and a power of 438kW .
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(a) Data from Massaro et al. [56] (b) Data from Vroom [113]

(c) Data from Schröder et al. [95] (d) Data from Juschus [123]

Figure 3.14: System sizing results comparison

The comparison with the study from Schröder et al. [95] gives, once again, a similar fuel cell mass, but a much

lower heat exchanger weight, which is likely due to not considering the coolant mass, as it is more than half of the

heat exchanger mass. The intercooler mass, even though not noticeable in the graph, is much higher due to using an

air-to-air heat exchanger instead of the air-to-liquid one used in the present study. Both the compressor and humidifier
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masses are much higher. From personal communications with Matthias, the study’s author, the humidifier mass is

expected to be much higher since the humidifier is sized to obtain much higher humidity values in that study. The

compressor mass being much higher is mainly due to the compressor motor, with the value used for its mass resulting

in a much lower power density. The same company that provides the values used in [95], now provides compressors

with much higher power densities.

Lastly, the study from Juschus [123] results in similar values for the fuel cell and heat exchanger, with the

humidifier and compressor being much heavier. In this case, this difference likely comes from a wrong equation used

to calculate the mass flow of air required by the fuel cell. The equation used is missing a division by four, which, if

used, would lower the mass of the humidifier and compressor to values similar to the ones obtained in the present

study.

From the comparison with these studies, it was concluded that the sizing of the system procedure was working

as intended and providing representative results. Any deviation from other studies had a reasonable cause and

explanation.

3.4. System Simulation
Once the system is sized, it is required to simulate its performance for many operating conditions to create the engine

map used by the other tools in the workflow. The system is simulated for various altitudes, Mach numbers and power

levels. The same models used for the sizing of the components are implemented, but now the design is set, and only

the mass flows change.

In the case of the air supply, the compressor power is calculated in the same way as for the sizing, and a verification

is made to ensure that the maximum power obtained in sizing is not surpassed. In the case of the filter and humidifier,

the pressure drop over them is scaled with respect to the mass flow as per the following equations

∆pF = 600
ṁ2

air,FC

ṁ2
air,FC,design

(3.91)

∆pH = 8000
(ṁair,FC + ṁO2,tank)

2

(ṁair,FC,design + ṁO2,tank,design)
2

(3.92)

The intercooler has its geometry fixed; therefore, to obtain the desired operating temperature at its exit, the mass

flow of air that goes through the intercooler is adjusted. At its exit, the combination of air mass flow that goes through

the intercooler and the one that bypasses it results in the desired temperature. This temperature is calculated with the

following equation

Tcombined =
(ṁair,bpTt,comp,out + ṁair,ICTt,IC,out)

ṁair,bp + ṁair,IC
(3.93)

The fuel cell simulation follows the same process used for the second optimisation, where the size is fixed and

therefore the minimum DPF required is calculated, since it results in the lowest possible fuel consumption.

In the heat exchanger, since now the geometry is fixed, the amount of air mass flow required to dissipate the

waste heat can be calculated with the model previously presented.

Besides going through all of the flight conditions, the engine map creation also goes through different operating

pressures, from the minimum required to reach the desired operating temperature to the maximum that the components

sized can withstand, to obtain the best case scenario for each flight condition. A relatively big step of 0.1atm is used

to reduce computational time.

All of the simulation is checked to ensure no infeasible solutions are reached, where the systems would be

operating outside the range of their capabilities.

3.5. Aircraft Design and TLARs
This study will be conducted for a regional aircraft with top level aircraft requirements (TLARs) similar to those

of an ATR 72-600. The specific TLARs are shown in Table 3.8. It is important to notice that in this study, the

maximum operating altitude will be assumed to be the same as the design mission altitude. This is done since to size

the oxygen tanks for a potential higher altitude than the design mission, a whole new sizing procedure would have to
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Table 3.8: Aircraft TLARs

TLAR Unit Value

Design Range NM 1000

Design PAX - 70

Mass per PAX kg 95

Design Payload kg 6650

Max. Payload kg 6650

Cruise Mach Number - 0.44

Max. Operating Mach Number - 0.55

Max. Operating Altitude FL 200

Take-Off Field Length(ISA+0K SL) m 1385

Climb Time to FL170 min 17.5

Approach Speed(CAS) kts 120

Wing Span Limit m 36

Alternate Distance NM 100

Holding Time min 30

Contingency - 5%

be developed. For the current study, this analysis was seen as sufficient to obtain representative results that would

answer the research questions.

While the TLARs are similar to those of an ATR 72-600, the aircraft design choices are significantly different.

The aircraft used in this study uses a low-wing configuration for several reasons. Firstly, the wing’s weight can be

directly supported by the landing gear, which reduces the structural loads that the fuselage would have to withstand for

a high wing configuration. This is important since the propulsion system is much heavier than that of a conventional

aircraft; therefore, this penalty would be much higher. Secondly, with a low wing, the landing gear can be integrated

in the wing box, reducing the penalty of extra fairings. And finally, what makes this low-wing configuration possible

is the fact that instead of having a singular propeller in each wing, the use of several, in this case three, propellers per

wing reduces the diameter of each propeller, making it possible to obtain enough clearance between the propeller and

the ground. Another possibility opened by having a low wing is using a conventional tail, which provides a lower

mass and complexity of the tail assembly while keeping the tail out of the wing wake.

The final choice in the aircraft design to be mentioned is the diameter of the fuselage, which is significantly higher

than that of an ATR 72-600 due to the use of hydrogen as fuel, since small diameters would require a significant

extension of the fuselage length to accommodate the tank volume.



4
Results

In this section, the results obtained with the previously detailed methodology will be presented and discussed. Initially,

a baseline will be defined as the comparison point for all the results obtained. Then, the oxygen enrichment study will

be performed, followed by several sensitivity analyses on the effects of specific parameters on the results, from the

design mission parameters to propulsion system design variations. It is important to note that in any results shown,

the operation at cruise is always with ambient air, therefore at an oxygen percentage of 21%. Although some graphs

have values for cruise conditions that span several oxygen percentages, only ambient air was used during the cruise.

These graphs exist since the oxygen enriched operation at take-off and top-of-climb can affect the cruise operation.

The decision not to use any oxygen enrichment in the cruise came from the long design mission range, which would

result in a high mass of oxygen being stored in the aircraft. With that added mass, the snowball effect was too strong,

and the aircraft design workflow could not converge, reflecting the infeasibility of such a study.

The resulting power supply throughout the design mission is shown in Figure 4.1. The terms ambient air and

oxygen enriched refer to a fuel cell power supply with the respective oxidant supply.

Figure 4.1: Power supply source for the flight mission segments

4.1. Baseline
The first step to reach the desired understanding of oxygen enrichment is defining a baseline result for an aircraft that

operates only with ambient air as the fuel cell oxidant.

The converged solution resulted in a maximum take-off mass (MTOM) of 35225kg, which is significantly higher
than the MTOM of an ATR 72-600 of 23000kg, representing an increase of 53%. While the different TLARs affect

this result, as the higher range used in this study requires more fuel, such an increase is mostly associated with the

previously mentioned low power density of the fuel cell system. To understand the changes in mass, its breakdown is

shown in Figure 4.2.

From the MTOM breakdown, the significant effect of the fuel cell system is apparent, with its mass almost

reaching six tons. This is expected since, as mentioned previously, these systems have significantly lower power

densities. In addition, the battery system required for the low speed operation is also a significant part of the total

56



4.2. Oxygen Enrichment 57

Figure 4.2: MTOM breakdown for ambient air fuel cell operation

mass, even though they are only used for short parts of the flight mission. Lastly, the added mass due to using

hydrogen is also seen, where for the required hydrogen mass, the mass of the tanks is almost three times higher,

showing that any change in hydrogen consumption creates a much bigger change than the one coming directly from

the hydrogen mass variation.

Figure 4.3: Isometric view of 21% oxygen aircraft

In Figure 4.3, the isometric view of the aircraft analysed is shown. In this figure, the configuration described in

Section 3.5 can be noticed with the low wing, conventional tail, and the six pod configuration. The hydrogen tanks

can be seen in the aircraft’s tail, taking advantage of the available space by following the shape of the aircraft. It

is also clear that if a narrower fuselage were used, the increased length due to the tanks would be high, since it is

already a substantial part of the total length for this wider fuselage. The following analysis of increasing oxygen

percentages will include a more detailed analysis of the aircraft and its systems.

4.2. Oxygen Enrichment
The workflow presented previously was used to obtain the aircraft design for several oxygen percentages. The first

result to be given is the variation of the MTOM of the aircraft with the oxygen percentage, Figure 4.4.
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Figure 4.4: Percentage change in MTOM for varying oxygen percentages used in take-off and climb

In Figure 4.4, it is shown that an increase in oxygen percentage reduces MTOM, with two main reductions being

observed. One at the initial increase of the oxygen percentage around 30% to 40%, and the other at a value of 70% and

higher. These two decreases have two different origins that will be explained with more detailed plots representing

the variations of specific aircraft components. The result is a maximum decrease in MTOM of almost 1500kg or
around 4%.

Figure 4.5: Isometric view of 50% oxygen aircraft

In Figure 4.5, the isometric view of the aircraft where an oxygen percentage of 50% is used is shown, where

the placement of the oxygen tanks is also evident. They are placed in the cargo bay in front of the wing box. The

choice of this configuration was made for several reasons. Firstly, by having the oxygen tanks in front of the wing,

reasonable separation is obtained between the oxygen and hydrogen tanks. This is desired due to the increased risk

of ignition and explosion created by higher oxygen percentage mixtures with hydrogen. Secondly, this positioning

of the oxygen tanks leads to a better weight distribution of the aircraft, which reduces the centre of gravity travel

during flight. A known problem for hydrogen aircraft with tanks placed in the rear section of the fuselage. Lastly,

this placement prevents any increase in friction drag, since if other positions were adopted, such penalties could

exist. An approach similar to that of the hydrogen tanks, where the oxygen tanks occupy the full diameter of the

fuselage, would increase the required fuselage length. Lastly, an external pod configuration would also increase the
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surface area of the aircraft, and therefore, both of these options would lead to a higher drag. The only downside of

this configuration is that it takes up cargo space. Still, since the fuselage diameter is already bigger than that of an

ATR 72, more space would be available in the cabin itself for cargo, besides the cargo area under the cabin. Knowing

whether the total cargo space would be smaller or larger than the one available in ATR 72 would require a more in

depth analysis of the cabin layout, which is beyond the scope of this study.

4.2.1. Fuel Cell System
The main change from an increased oxygen percentage is expected to be at the fuel cell propulsion system level, and

therefore, a deeper analysis will now be conducted for this system.

One of the main contributions to the decrease in the mass of the aircraft, which also explains the initial reduction

at lower oxygen percentages, comes from the decrease in the mass of the fuel cell propulsion system. In Figure 4.6,

the percentage variation of the mass of the fuel cell propulsion system is presented at different oxygen levels.

Figure 4.6: Percentage change in fuel cell system mass for varying oxygen percentages used in take-off and climb

There is a clear and substantial decrease in the total mass of the fuel cell system with the initial increases in

oxygen percentage. This initial trend is not recurrent once higher oxygen percentage values are reached, where

diminishing returns are observed.

To better understand how oxygen enrichment affects each component and what percentage of the total mass each

component represents, the masses of the components for each oxygen percentage analysed are given in Table 4.1.
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Table 4.1: Mass breakdown of fuel cell system for one pod and sizing point for stack for varying oxygen percentages

used in take-off and climb

Oxygen Percentage 21% 30% 40% 50% 60% 70% 80% 90% 100%

Stack 665 460 375 333 332 322 324 323 320

Heat Exchanger 89.5 83.8 78.1 76.2 72.4 72.4 68.5 64.7 64.7

Humidifier 42.8 27.0 27.1 28.7 28.8 29.6 29.3 29.3 29.4

Filter 4.58 2.71 2.87 3.04 3.04 3.14 3.10 3.10 3.11

Intercooler 0.12 2.39 1.79 1.43 1.07 0.72 0.36 0.24 0.12

Compressor 53.0 55.4 38.8 40.9 40.9 42.0 41.6 41.6 41.7

Coolant 115 93.3 81.7 76.6 74.1 73.1 71.0 68.6 68.2

Pipe 4.71 4.56 4.40 4.35 4.24 4.24 4.13 4.02 4.02

Coolant Pump 19.6 17.4 16.6 16.0 14.8 14.4 14.2 14.1 14.3

Total 995 747 626 580 571 561 556 549 545

Sizing Point of Stack TOC TOC TOC TOC TO CR CR CR CR

The main contribution to the mass of the fuel cell system is the fuel cell stack, which, when operating with

ambient air, is 67% of the total mass. The coolant mass is the second highest, which shows how important it is to

account for it, something that is usually kept out of many studies involving fuel cell systems. On the other hand, the

mass of the intercooler is shown to be a very small part of the total system. This result comes from the optimisation

performed since the operating pressure of the fuel cell was kept at the minimum required to obtain the desired

operating temperature. This result will be examined more thoroughly when analysing the design variables obtained

during the optimisation. Therefore, almost no cooling was required for the fuel cell air mass flow.

With the increase in oxygen percentage, the main change comes from a lower stack mass, which at the lowest

becomes less than half of that obtained at 21%. This reduction stops after the 60% point, since before this point the

stack was sized for top-of-climb or take-off, but for 70% and higher the stack was sized for cruise, a lower power

segment. This result shows that the mass reduction due to oxygen enrichment in top-of-climb and take-off became

too high, and higher oxygen percentages can no longer bring any benefit related to this component, with the cruise

point limiting it.

The air supply components, which are the filter, compressor, intercooler, and humidifier, follow different trends.

The intercooler becomes heavier once oxygen enrichment is used, a direct effect of the optimisation performed. That

is because at higher oxygen percentages, the same result was not observed regarding operating pressure, as it was kept

at the maximum allowed. As a result, the compressor outlet temperature was significantly higher than the temperature

required in the fuel cell, increasing the demand for cooling of such a flow. The subsequent reduction with increasing

oxygen percentage results from more flow being provided directly by the oxygen tank, reducing the ambient air

flow to the fuel cell. Even though the mass flow of air at top-of-climb reduces due to the oxygen enrichment, the

compressor initially increases its mass due to the different optimum pressure. After that point, the mass flow of air

at top-of-climb reduces significantly, and the compressor sizing is done for cruise. The resulting behaviour of an

increase up to 70% followed by a stagnation is directly related to the worsening efficiency at cruise up to that point,

which increases the required air mass flow, followed by the stack being sized for cruise, and therefore, maintaining

an almost constant efficiency at cruise. This efficiency behaviour at cruise will be looked at in more detail once the

fuel consumption is presented. For the humidifier and filter, the behaviour described in the previous line is present

from the first oxygen enriched point, since no other parameter besides the air mass flow affects them.

The components related to the main heat exchange are at all oxygen percentages sized for take-off due to the

lower temperature differences between the ambient air and the fuel cell. In this case, an increase in oxygen percentage

always results in a lower mass since with higher oxygen percentages the system operates at higher efficiencies at

take-off.

Inputs Parameters

The inputs provided to the optimisation problem are also of interest, as they define the result. The inputs that change

with the aircraft design are the power required in each segment and the aerodynamic efficiency of the aircraft. They

are also valuable in understanding how the performance of the aircraft changes with the increase in oxygen percentage.
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Starting with the power required, in Figure 4.7, the power for each segment is given, where it can be seen that the

power for take-off is significantly lower than the required for climb and from the battery. This behaviour is due to the

sizing point used in take-off for the fuel cell. The fuel cell is sized for a Mach of 0.2, and at that point, the aircraft

has already completed its ground roll and initial climb up to 35ft; therefore, it has already passed the take-off field

length (TOFL). Since the TOFL requirement has already been satisfied by the batteries and the required gradients

in the following segments of take-off are less demanding, the fuel cell does not need to provide as much power as

the battery. The power required by the battery is quite high, due to the high MTOM of the aircraft and the required

TOFL.

The power variation with respect to the oxygen percentage follows a similar trend to the MTOM. Although it is

not an unexpected result, the relative reduction is not expected. That is because for all flight segments the relative

decrease in power is the same or lower than the relative change in MTOM of 4%, with a relative change of 3.4%,

4.1% and 3.3% between ambient air and 100% oxygen operation, for take-off, top-of-climb and cruise, respectively.

At take-off, similar changes to the ones found in MTOM are expected. Still, for the other segments, higher values are

expected since the mass reduction is much higher at these points, because oxygen is also used during take-off and

climb, which would mean a higher relative mass usage before reaching cruise. This increase in the mass difference

between ambient air use and higher levels of oxygen percentage can be seen in Figure 4.8, where the mass of the

aircraft is shown throughout the mission. In this graph, it is clear that, while using oxygen from tanks during the

climb, the weight of the aircraft reduces substantially more than under ambient air operation, with a relative change

of 6% at the beginning of the cruise for 100% oxygen.

Figure 4.7: Power required at different flight phases for varying oxygen percentages used in take-off and climb
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Figure 4.8: Mass of the aircraft during the design mission for varying oxygen percentages used in take-off and climb

To find the answer to why the power reduction is lower than expected, Figure 4.9 is shown, where the aircraft’s

aerodynamic efficiency is plotted for the different segments. The absolute values of aerodynamic efficiency are of

interest since they are relatively high compared to current regional aircraft. This is primarily due to the much higher

mass of the aircraft, which requires a much larger wing area, improving aerodynamic efficiency. Nevertheless, in

all segments, there is a reduction of the aerodynamic efficiency with the increase in oxygen percentage, which can

be attributed to the increase in fuselage length resulting from the higher hydrogen quantity required, which will be

looked into at a later point. To confirm this analysis, Table 4.2 shows the constituents of the aircraft drag area, the

drag coefficient multiplied by the wing reference area, at cruise.

Figure 4.9: Aerodynamic efficiency of the aircraft at the sizing points for varying oxygen percentages used in

take-off and climb

The drag area is used since flight conditions are kept the same, while the reference area of the wing changes, so
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an analysis of the drag coefficients would not give an accurate depiction of the aircraft’s drag. Although the total drag

of the aircraft does reduce at higher oxygen percentages, mainly due to a reduction in induced drag, which follows

the decrease of mass at cruise, this total reduction is smaller than the percentage reduction of the MTOM and even

smaller with respect to the reduction of mass at the top of the climb or cruise. From the values given, it is confirmed

that this smaller reduction is mainly due to an increased fuselage drag. The longer fuselage length also has benefits in

reducing the horizontal tail plane area and drag due to the longer arm of the tail plane. The longer fuselage length due

to the bigger tanks and consequently the longer lever arm between wing and tail plane can be seen in Figure 4.10,

where the top fuselage shows the 21% case and the bottom one the 50% case.

Table 4.2: Drag area, inm2, at cruise of most relevant components for varying oxygen percentages used in take-off

and climb

Oxygen

Percentage
21% 30% 40% 50% 60% 70% 80% 90% 100%

Wing 0.585 0.576 0.573 0.575 0.574 0.574 0.571 0.568 0.562

HTP 0.130 0.128 0.125 0.125 0.124 0.125 0.125 0.126 0.127

VTP 0.073 0.071 0.070 0.070 0.070 0.069 0.069 0.069 0.068

Fuselage 0.616 0.622 0.626 0.630 0.630 0.632 0.631 0.630 0.629

Induced 0.936 0.897 0.880 0.876 0.874 0.874 0.871 0.870 0.866

Total 2.577 2.531 2.511 2.513 2.508 2.511 2.504 2.503 2.489

Difference 0% −1.76% −2.56% −2.47% −2.66% −2.54% −2.80% −2.86% −3.39%

To better explain the changes in L/D, how the wing is sized was analysed. The constraint that sizes the wing

is the stall at landing. In the aircraft design tool used, openAD, the weight that is taken for the landing point can

be set with specific inputs. In the case of this study, the landing mass was considered to be the same as MTOM,

since for small aircraft with low fuel mass, it is a reasonable and safe approach. As a result, the fact that a larger part

of the aircraft mass becomes fuel and is used up during climb is not taken into account, resulting in an oversized

wing which, at top-of-climb and cruise, reduces the aircraft’s aerodynamic efficiency. This effect was something that

penalised the oxygen enriched cases analysed. The representation of this effect can be seen in Table 4.2 in the wing

drag area. This value is the zero lift drag of the aircraft and is therefore directly related to its area, opposite to the

induced drag, which is associated with the lift generated. An analysis of the behaviour of these two values reveals a

reduction that follows the same reduction as the mass at cruise for the induced drag, but a smaller reduction for the

wing zero lift drag, which has a similar change to the one observed in MTOM. This confirms that the wing is sized

for MTOM and therefore is oversized at cruise, generating extra drag and reducing aerodynamic efficiency.

Figure 4.10: Side view of aircraft configurations, 21% oxygen at the top and 50% oxygen at the bottom

With the power data, it is also possible to compute the power density of the fuel cell stack and the complete
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(a) First optimisation (b) Second optimisation

Figure 4.11: Design power factor of the three sizing points for varying oxygen percentages used in take-off and

climb

fuel cell and BoP system, shown in Table 4.3. For ambient air, the stack density is lower than the maximum value

previously provided of 2kW/kg since the fuel cell does not operate at maximum power. The power density of

the stack increases to double its initial value, and once again after 70% since the improvements in stack mass are

prevented from the stack being sized by cruise, no increase is observed. When the complete system is accounted

for, the power density decreases, and in this case, after 70% minor improvements are still possible due to the heat

exchange system mass reduction, as observed before. Nevertheless, it is concluded that the power density of the

propulsion system can be significantly improved with oxygen enrichment.

Table 4.3: Power density [kW/kg] of fuel cell stack and complete system

Oxygen

Percentage
21% 30% 40% 50% 60% 70% 80% 90% 100%

Stack 1.15 1.64 2.00 2.25 2.25 2.32 2.30 2.30 2.30

Stack and BoP 0.77 1.01 1.20 1.29 1.31 1.33 1.34 1.35 1.35

Design Variables

Analysing the results at the fuel cell propulsion system level and the optimisation inputs made it clear that the

optimisation variables should be looked into to understand the results better.

In Figure 4.11 the DPF obtained from the initial optimisation, Figure 4.11b, and the second optimisation,

Figure 4.11b, are presented. From this figure, the point that determines the stack size can be identified as the one that

does not change value from one figure to another. The identified sizing point is the top-of-climb from 21% to 50%,

the take-off for 60% and cruise for 70% and higher. When the stack is sized for another flight segment, the DPF

reduces from the initial sizing, since a more efficient point can be used when the stack mass is higher. This shows

how the DPF and efficiency are related, with a higher DPF being a synonym of a lower efficiency and vice versa.

This notion will be relevant for future analysis.

A representation of what these DPF values give in terms of fuel cell operating point is given in Figure 4.12, where

the red dots represent the operating point of the fuel cell, in this case for the top-of-climb phase of flight. The effect of

the oxygen enrichment on the fuel cell performance is also clearly visible. At higher oxygen percentages for the same

current, the voltage obtained is higher, and the maximum current is much higher. Besides that, there are diminishing

returns the higher the oxygen percentage; for example, the improvements from 21% to 30% are more significant

than those from 90% to 100%. Something that was already confirmed with the mass variation of the fuel cell system

previously shown. Another conclusion that can be drawn from Figure 4.12a is that the operating point does not follow

a clear trend, with the points being somewhat scattered. This is explained by discontinuities in the mass estimation of

the fuel cell stack. Since the stacks are limited to 455 singular fuel cells per stack, the optimisation process results in

a number of cells that takes advantage of this characteristic, and prevents the use of more stacks for just a few cells,

requiring the weight of another set of endplates to be added.



4.2. Oxygen Enrichment 65

(a) Operating points of first optimisation

(b) Operating points of second optimisation

Figure 4.12: Polarisation curves for varying oxygen percentages and representation of operating point at

top-of-climb

Table 4.4 shows the number of cells, the ratio of number of cells to the maximum allowed per stack of 455 and

consequently how many stacks would be required. From these values, the points where the dots in Figure 4.12 start

to scatter become clear. At 60% and 70%, the same number of stacks is kept to avoid the penalty of an extra stack.

The same happens from 80% to 100%, where six stacks are used. When this occurs, the operating current stays

relatively similar, and the system takes advantage of the higher voltages achieved at higher oxygen percentages. In

Figure 4.12b it becomes clear that once the stack is sized for a different flight phase, the system operates at higher

voltages and consequently higher efficiencies due to a bigger stack than what is required being available, since from

60% the stack is not sized for top-of-climb.
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Table 4.4: Number of cells and stacks required at oxygen percentage for top-of-climb initial optimisation

Oxygen Percentage Ncells Ncells/455 Nstacks

21% 7209 15.84 16

30% 4955 10.98 11

40% 4061 8.93 9

50% 3610 7.93 8

60% 3171 6.97 7

70% 3145 6.91 7

80% 2722 5.98 6

90% 2726 5.99 6

100% 2653 5.83 6

The operating pressure for each flight segment, shown in Figure 4.13, also shows an interesting behaviour with

respect to oxygen percentage, already mentioned above. When ambient air is used, the operating pressure is kept

lower; in this case, it is kept at the minimum required to reach the fuel cell operating temperature of 80◦C. Once

higher oxygen percentages are available, the optimal value becomes the maximum allowed. No change is seen at

cruise since ambient air is always used, and therefore, the optimum operating pressure is always kept at the minimum.

Figure 4.13: Optimum operating pressure for the varying oxygen percentages used in take-off and climb

To better understand why this occurs, the efficiency of the system for different operating pressures and oxygen

percentages is shown in Figure 4.14. In these plots, two efficiencies are shown: one where the total power provided

by the fuel cells is used and one where only the power used for propulsion, so total power minus compressor power,

is considered. Figure 4.14a shows that when ambient air is used, the increase in total efficiency for higher operating

pressures is not followed by an increase in the efficiency of the propulsion power. This means that any increase in

power produced due to higher operating pressures goes directly to the compressor’s power supply, and the amount of

required fuel cells does not change. Therefore, a higher compressor and intercooler mass that comes from higher

operating pressures is not compensated for and is then not beneficial. Besides that, it is also interesting to notice that

the compressor power is around 10% of the total power produced by the fuel cell at the lowest operating pressure

and increases to around 15% at the maximum operating pressure. When higher oxygen percentages are used, the

same behaviour is not present. In these cases, the fact that some of the flow, the O2 from the tank, is assumed to be

supplied at the desired operating pressure, reduces the compressor power. Once this occurs, the efficiency of the

propulsion power also increases with operating pressure, compensating for the increase in the masses mentioned

above by reducing the amount of fuel cells required. The reduced compressor power can also be noticed due to the

reduction in the difference between the two efficiencies at higher oxygen percentages.
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(a) Oxygen percentage of 21% (b) Oxygen percentage of 30%

(c) Oxygen percentage of 50%

Figure 4.14: Efficiency of system with and without compressor power at a current density of 0.7A/cm2 for varying

operating pressures

In Figure 4.15, the optimisation results are shown for the three sizing points. These plots show the values of the

objective function and the mass and thrust contribution. The drag contribution is the highest at TO, reducing at TOC

and is the lowest at CR. This result is expected since heat dissipation is more efficient at higher altitudes due to the

larger temperature difference. With respect to the drag contribution at cruise, it is basically non-existent, neither

positive nor negative, while for the other two points, it reduces with oxygen percentage as the efficiency at TO and

TOC increases. In the case of the top-of-climb, a negative contribution is reached, meaning that thrust is generated

instead of drag. Opposite to what happens with the drag contribution, the mass component becomes a bigger part of

the total from take-off to cruise, with it following the mass variation observed before in Figure 4.6.
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(a) Take-off point (b) Top-of-climb point

(c) Cruise point

Figure 4.15: Optimisation function and mass and thrust contribution variation with oxygen percentage used in

take-off and climb

4.2.2. Hydrogen and Oxygen
With all the optimisation results and inputs analysed, the effects of oxygen enrichment on total fuel consumption

were studied. The hydrogen mass variation is shown in Figure 4.16a. Although a reduction in MTOM and power was

possible with oxygen enrichment, this plot shows an increase in hydrogen consumption for a given mission. This

result comes from the efficiency decrease shown in Figure 4.17, which occurs because the oxygen enrichment allows

for smaller stacks. With smaller stacks, the oversizing at cruise is not as significant, and the system has to operate at

a higher current, and therefore at a smaller efficiency. Once the system is sized for cruise, above 70% oxygen, there

is a slight decrease in hydrogen mass since the efficiency at cruise remains almost constant and the power required

reduces.

In Figure 4.16b, the change in the mass of oxygen and its tank is shown. In this case, the absolute values are

shown, which will be the case for any other plot of oxygen mass, since no oxygen mass is present in the baseline, and

therefore, a percentage change is infinite. The oxygen mass increases with oxygen percentage since to increase the

oxygen percentage, more oxygen needs to be supplied by the tank, and this happens despite the increased efficiency

during climb shown in Figure 4.17. At higher oxygen percentages, the opposite happens, with the oxygen mass

reducing for an increasing oxygen percentage. Once the stack is sized for cruise, the efficiency becomes higher at TO

and TOC, resulting in lower oxygen consumption. Another cause for the decrease in the oxygen mass, even though

the oxygen percentage increases, is the relation between oxygen percentage and stoichiometric ratio used, which,

for higher oxygen percentages, decreases the amount of oxygen required with respect to the stoichiometric values
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necessary for the reaction. Lastly, the same power reduction that reduced hydrogen consumption also helps reduce

oxygen consumption. This decrease in oxygen and hydrogen mass at high oxygen percentages is the leading cause of

the reduction in MTOM, which was previously verified for higher oxygen percentages. Any change in hydrogen

mass is made much more significant due to the low gravimetric efficiency of the liquid hydrogen tanks, which make

up the majority of the mass associated with hydrogen. These results show that even though the weight of the aircraft,

the power, and the hydrogen consumption at take-off and climb reduce, the decreased efficiency at cruise cannot be

compensated for, with the hydrogen mass always being higher than in the baseline case.

(a) Percentage change in hydrogen mass (b) Change in oxygen and the respective tank masses

Figure 4.16: Change in hydrogen and oxygen mass for varying oxygen percentages used in take-off and climb

Figure 4.17: Efficiency of fuel cell system at cruise and top-of-climb for varying oxygen percentages used in

take-off and climb
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4.2.3. Power Train
Finally, while not a fundamental part of the current study, the mass of the power train and battery systems is shown

in Figure 4.18. Since the most significant power demand came from the TOFL requirement, and these systems were

sized for such a case, their mass follows the same variation observed for the MTOM. The sizing criteria defining the

battery mass was the total energy required, not the power demand. It is also shown that the battery and its required

cooling system have a significant effect on the mass of the aircraft, and that a fuel cell system heat exchanger capable

of operating at low speeds could be beneficial to reduce the aircraft mass.

Figure 4.18: Power train and battery assembly mass breakdown per pod for varying oxygen percentages used in

take-off and climb

4.3. Sensitivity Analysis

4.3.1. Cell Area
One of the main drawbacks of fuel cell propulsion systems in aviation is their low power density. As a result, efforts

to improve it may increase the power density by means of, for example, increasing the fuel cell active area without any

increase in its mass. Therefore, to understand how such improvements change the application of oxygen enrichment,

a sensitivity analysis, where the fuel cell area is increased, is performed.

An initial analysis is performed by comparing the results obtained for the operation with ambient air exclusively.

Figure 4.19 shows how the increase in fuel cell area has a significant effect in reducing the MTOM. This is expected

since the power density of the fuel cells increases and, therefore, a lower mass is required to provide the same power.

This reduction will contribute to snowball effects, where every other system becomes lighter. Besides that, there are

also changes that result from obtaining different optimisation points, as it will be explained with the use of the values

in Table 4.5.
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Figure 4.19: Percentage change in MTOM, fuel cell system mass and hydrogen mass for varying fuel cell areas at an

oxygen percentage of 21% at take-off and climb

In Figure 4.19 the change in fuel cell system mass for the studied fuel cell areas is also shown, where it can be

seen that there is a significant reduction in the total mass of the system. Knowing that the most relevant component

for the fuel cell system mass is the fuel cell stacks themselves, it is expected to obtain such a substantial reduction

due to the increase in their power density.

While the primary reduction comes from a decrease in the fuel cell mass, the optimisation results also change

slightly. In Table 4.5, the mass of each component and the DPF in each flight point are shown. The main reduction

in mass stemming from the fuel cell stack is confirmed, but all other systems also follow the same trend of a lower

mass for a higher fuel cell area. This can be attributed to two factors. Firstly, the mass of the aircraft is reduced,

and consequently, its power requirement is also smaller. If the power required reduces, the systems become lighter

at the same operating point or DPF. Secondly, the DPF changes for different cell areas, representing a change in

the optimum operating point. Once the cell area, or power density, increases, operating at a higher DPF is less of a

penalty to the optimum point in terms of mass, and therefore a new optimum is found at slightly higher DPFs with a

lower drag.

Table 4.5: Mass breakdown for one pod and DPFs of fuel cell system for varying fuel cell areas at an oxygen

percentage of 21% at take-off and climb

Cell Area 250cm2 300cm2 350cm2

Stack 665 543 460

Heat Exchanger 89.5 85.7 83.8

Humidifier 42.8 41.2 40.1

Filter 4.58 4.40 4.28

Intercooler 0.119 0.119 0.119

Compressor 53.0 51.1 49.8

Coolant 115 102 92.8

Pipe 4.71 4.61 4.56

Coolant Pump 19.6 18.8 18.2

Total 995 850 754

DPF TO 0.451 0.446 0.440

DPF TOC 0.710 0.700 0.690

DPF CR 0.438 0.437 0.434
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The more efficient operating points, together with the reduction in required power, amount to a decrease in

hydrogen mass for higher fuel cell areas, as shown in Figure 4.19.

The analysis performed for the ambient air operation applies to any oxygen percentage. However, changes arise

at the aircraft level due to the importance of the fuel cell mass reduction in the initial decrease of MTOM.

In Figure 4.20a, the MTOM change is shown for the different fuel cell areas and several oxygen percentages.

The same order in terms of MTOM is kept throughout the different oxygen percentages, with the higher cell area

always resulting in a lower MTOM. What is interesting to note is that the variation with respect to oxygen percentage

changes significantly. The main difference comes from the initial increase in oxygen percentage, where the lower

fuel cell system mass, mainly from the fuel cell stack reduction, could compensate for the addition of oxygen and its

tank mass and the higher hydrogen mass. Once the fuel cell mass becomes a smaller portion of the total mass, there

is not enough reduction from the increased oxygen percentage to compensate for the oxygen, hydrogen and tank

mass. For a fuel cell area of 300cm2 there is still a slight reduction in MTOM, but for a fuel cell area of 350cm2 the

increased oxygen percentage results in a higher MTOM. At the mid range percentages, instead of a stabilisation of

MTOM, there is an increase for the higher fuel cell areas. This is a result of the increasing oxygen and hydrogen

mass, which is not compensated for by the reduction of fuel cell mass, as was the case for the lower fuel cell area.

Although these trends did change, the subsequent variation at oxygen percentages higher than 70% remained. MTOM

decreased due to the lower oxygen and hydrogen masses at higher percentages, which comes from the reduction in

the stoichiometric ratio and the power required. In the case where the cell area is 350cm2 even this final reduction

is not enough to reach a reduction in MTOM with respect to the ambient air case for the studied percentages. If a

percentage of 100%, it is expected that MTOM would be lower than the ambient air case.

(a)MTOM change (b) Fuel cell system mass change

Figure 4.20: Percentage change in MTOM and fuel cell system mass for varying fuel cell areas and oxygen

percentages used at take-off and climb

The fuel cell system mass change is shown in Figure 4.20b, where the same behaviour with respect to oxygen

percentage is seen for any fuel cell area. The difference between the different cell areas of the fuel cell system mass

reduces with higher oxygen percentages as the mass of the fuel cell stack becomes a smaller part of the total mass.

Therefore, the difference generated by the higher fuel cell areas, and consequently higher power densities, becomes

less significant.

Lastly, the mass of hydrogen and oxygen is shown in Figure 4.21a and Figure 4.21b, respectively. The results

show the same reduction in mass from 250cm2 to 350cm2 due to the reasons previously mentioned of mass reduction

and increased efficiency. The same variation with respect to the oxygen percentage observed previously is present,

since the slight changes in MTOM variation with oxygen percentage observed in Figure 4.20a were not significant

enough to change this behaviour.
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(a) Hydrogen mass change (b) Oxygen mass change

Figure 4.21: Percentage change in hydrogen mass and change in oxygen mass for varying fuel cell areas and oxygen

percentages used at take-off and climb

4.3.2. Heat Exchanger Area
The heat exchanger was initially defined with a set of height and width such that it would fit inside the nacelles and

would be able to dissipate the generated waste heat. Since it influences the optimisation results and the aircraft design,

it is necessary to evaluate how changing its value affects the results. To do this, it was decided that the width of the

heat exchanger would be changed. This is because changing the height of the duct where the heat exchanger is placed

leads to an increase in the length it occupies, due to the tilt angle. Because no detailed analysis is done with respect to

the placement of the heat exchanger, the more straightforward approach was chosen, where the width is changed,

and, together with it, the diameter of the nacelle is also adjusted, instead of altering the length of the nacelle.

To understand the effects of changing the heat exchanger area, two values are used, a width of 0.9m and a width

of 1.1m which represent a decrease and an increase of 10%, respectively, in relation to the 1m previously used.

In Figure 4.22 the MTOM is shown for each heat exchanger width. There is a clear relation between the heat

exchanger width and MTOM, with an increase in the heat exchanger area resulting in a lower MTOM.

Figure 4.22: Percentage change in MTOM, fuel cell system mass and hydrogen mass for varying heat exchanger

widths at an oxygen percentage of 21% at take-off and climb

The reduction in MTOM is partially explained by the lower values obtained for the mass of the fuel cell system,

shown in Figure 4.22. The lower mass of the system is a direct effect of a larger heat exchanger area, which shifts
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the optimum point to a higher DPF, since a lower drag is obtained for the same waste heat and mass flow of air.

The reason for a lower drag is the reduced velocity of the flow in the heat exchanger. A lower velocity at the heat

exchanger also decreases the efficiency of the heat exchange, potentially leading to heavier heat exchangers.

The mass breakdown and DPF are shown in Table 4.6, where increasing DPF for larger widths results in a

reduction of the stack mass and the increase of all other systems mass, due to lower efficiency. The only exception is

the coolant mass, which also decreases, since a significant portion of it is associated with the stack volume. In this

case, the heat exchanger mass and volume increase was not greater than the decrease in stack volume, resulting in a

lower coolant mass.

Table 4.6: Mass breakdown for one pod and DPFs of fuel cell system for varying heat exchanger widths at an

oxygen percentage of 21% at take-off and climb

HE Width 0.9m 1m 1.1m

Stack 711 665 628

Heat Exchanger 85.6 89.5 92.1

Humidifier 41.8 42.8 43.6

Filter 4.46 4.58 4.66

Intercooler 0.239 0.119 0.477

Compressor 51.77 53.0 55.1

Coolant 120 115 112

Pipe 4.85 4.71 4.56

Coolant Pump 18.8 19.6 20.2

Total 1038 995 961

DPF TO 0.425 0.455 0.480

DPF TOC 0.660 0.710 0.750

DPF CR 0.406 0.438 0.467

As already concluded previously, an increase in DPF leads to lower efficiency and therefore a higher hydrogen

consumption, which is verified in Figure 4.22. Even though this is the case, the increase in hydrogen and tank mass

is not enough to counter the decrease in fuel cell system mass, and therefore, the MTOM does reduce for higher heat

exchange areas.

In Figure 4.23a the MTOM variation with oxygen percentage is shown for the different heat exchanger areas. In

this case, a completely different behaviour is observed, where the MTOM shows significantly larger reductions for

the smaller area. This is attributed to an effect already seen in the studies presented above, where the most significant

reduction in mass comes from the fuel cell stack. Therefore, for a heavier stack, the absolute reduction in mass is

greater. Due to this greater reduction, the balance between the reduced fuel cell system mass and the added oxygen

mass change, and a constant decrease in MTOM is achieved. The opposite effect is present for the larger width,

where the stack mass is lower, and consequently, a less significant reduction is possible, leading to a lower reduction

in MTOM. Due to these changes, the order found with ambient air operation inverts at the higher oxygen percentages,

where the lower the width, the lower the MTOM. Figure 4.23b shows this more significant reduction in mass at lower

oxygen percentages. At higher values, the total mass of the fuel cell system is similar in any heat exchanger area,

which is a result of the snowball coming from the lower MTOM, since the power required for a width of 0.9m is

significantly reduced. This power reduction negates the difference in operating point seen before, which resulted in a

heavier system for the lower area.
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(a)MTOM change (b) Fuel cell system mass change

Figure 4.23: Percentage change in MTOM and fuel cell system mass for varying heat exchanger widths and oxygen

percentages used at take-off and climb

In terms of oxygen and hydrogen mass, no change in behaviour is seen for the different widths. With Figure 4.24a

and Figure 4.24b showing the same trends seen before, where the increase in oxygen percentage results in more

hydrogen and oxygen being consumed with a slight reduction in the higher percentages. Nevertheless, the mass of

hydrogen remains higher than that obtained for ambient air operation. The order of highest mass to lowest is also

kept throughout the different oxygen percentages, with the lower width being more efficient and the higher width less

efficient.

(a) Hydrogen mass change (b) Oxygen mass change

Figure 4.24: Percentage change in hydrogen mass and change in oxygen mass for varying heat exchanger widths

and oxygen percentages used at take-off and climb

4.3.3. Flight Level
The use of oxygen enrichment during climb creates a dependence on the added mass due to oxygen storage with

respect to the altitude of the design mission. A higher flight level results in a longer climb time, increasing the total

oxygen required, and vice versa. Besides that, different flight levels also affect the aircraft performance and also

change the propulsion system sizing, which is why the effect of changing the flight level of the design mission will

be looked at in this section.

At lower flight levels, the MTOM of the aircraft increases, shown in Figure 4.25, indicating that the expected

lower oxygen mass does not translate to a lower MTOM. The resulting reduction in mass for higher flight levels

comes from a lower fuel cell system and hydrogen mass.
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Figure 4.25: Percentage change in MTOM, fuel cell system mass and hydrogen mass for varying cruise altitudes at

an oxygen percentage of 21% at take-off and climb

In Figure 4.25 for higher altitudes, a lower mass of the fuel cell system is shown. This behaviour follows the same

reasoning as that provided for the variation with heat exchanger width, since the optimisation provides a lower DPF

for a lower flight level, resulting in a higher mass but a more efficient system. In this case, the shift of the optimum

point is due to the variations in temperature with altitude. At lower altitudes, the ambient temperature is higher and

the heat exchange is less efficient; therefore, a more efficient point is beneficial. The trend observed for the balance

of plant systems differs from the previously shown trend in the heat exchanger width case, where the lower DPF and

higher efficiency resulted in lower masses, with only the compressor following this trend. This suggests that some

other major change is occurring in the aircraft sizing, because this trend is inconsistent with previously observed

cases. The major change causing this shift is in the power requirements. For a higher MTOM, the power requirement

of the aircraft increases. Still, for the previous sensitivity analysis of the heat exchanger area, the higher efficiency of

the system could compensate for the extra power. In this case, besides the increased MTOM, at lower altitudes, the

aircraft’s aerodynamic efficiency is significantly reduced, increasing the power required even more. With a decrease

of 3.38% in aerodynamic efficiency, which, together with the MTOM increase, results in an increase of 11.27% in

power required, from FL230 to FL170. Even though the system is more efficient, the increase in power requires

larger components, explaining the observed change. The compressors are an outlier since, at higher altitudes, more

compression is needed for the lower pressure ambient air.
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Table 4.7: Mass breakdown for one pod and DPFs of fuel cell system for varying flight levels at an oxygen

percentage of 21% at take-off and climb

Flight Level 170 200 230

Stack 707 665 583

Heat Exchanger 91.4 89.5 89.5

Humidifier 44.0 42.8 40.3

Filter 4.70 4.58 4.30

Intercooler 0.239 0.119 0.119

Compressor 50.9 53.0 53.0

Coolant 120 115 108

Pipe 4.76 4.71 4.71

Coolant Pump 19.8 20.0 18.8

Total 1043 995 902

DPF TO 0.447 0.455 0.494

DPF TOC 0.690 0.710 0.750

DPF CR 0.434 0.438 0.483

The increased power also increases hydrogen consumption, where for the more efficient system, at flight level

170, the mass of hydrogen actually increases.

The variation with the oxygen percentage of the aircraft MTOM and fuel cell system mass, shown in Figure 4.26a

and Figure 4.26b, respectively, depicts the same results previously encountered. The heavier the fuel cell system, the

more significant the MTOM variation and the relative decrease in the fuel cell system mass.

(a)MTOM change (b) Fuel cell system mass change

Figure 4.26: Percentage change in MTOM and fuel cell system mass for varying cruise altitudes and oxygen

percentages used at take-off and climb

The mass of oxygen required for climb and take-off is reduced with lower flight levels, as seen in Figure 4.27b.

However, this reduction was not significant enough to create an overall positive effect on the aircraft MTOM. The

mass of hydrogen required for the mission also remains lower for the higher flight level, as shown in Figure 4.27a,

since the oxygen percentage does not significantly change the comparative results between flight levels.
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(a) Hydrogen mass change (b) Oxygen mass change

Figure 4.27: Percentage change in hydrogen mass and change in oxygen mass for varying cruise altitudes and

oxygen percentages used at take-off and climb



5
Conclusion and Recommendations

In this chapter, a summary of the results obtained and the answers to the research question are discussed. Followed

by recommendations on what could improve the present study by solving some of its limitations.

5.1. Conclusion
This study achieved the objective of creating a sizing procedure for a fuel cell propulsion system by developing

and validating a methodology that could consider the effect of different operating conditions on the performance

of the fuel cell and the size of the required balance of plant components. The developed methodology achieved a

more detailed and accurate sizing of the fuel cell propulsion system. In addition to the system sizing, its simulation

was conducted under different flight conditions and power requirements to enable the integration of the developed

methods into a preliminary aircraft design workflow. As a result, not only was the sizing of the propulsion system

achieved, but its effect at the aircraft design level could also be studied.

With the developed procedure, the evaluation of oxygen enriched fuel cell operation could be carried out, providing

the results required to answer the proposed research questions.

The research question ”What are the effects of oxygen enrichment on the mass and power requirements of each

subsystem?” was addressed through a detailed analysis of the fuel cell system for the different oxygen percentages.

From these results, it was concluded that oxygen enrichment can be understood to result in two different improvements.

Once higher oxygen percentages are used, there is both an increase in current density for the same voltage and an

increase in voltage for the same current density. In the former, efficiency of the system remains the same, and

significant reductions in the fuel cell stack mass are achieved, while in the latter, both efficiency and fuel cell stack

mass are improved. The results also show that the most significant improvement in terms of mass reduction stems

from the mass reduction of the fuel cell stack. In terms of the balance of plant, the increase in oxygen efficiency

leads to a general reduction in mass of the multiple subsystems due to combining both scenarios described, increased

efficiency and reduced mass. With increased efficiency, the mass flow of air required by the fuel cell decreases, and

for lower masses, the power required to fulfil the flight requirements reduces, resulting in the same reduction of air

mass flow. In addition to that, oxygen enrichment significantly reduces the amount of air to be taken from the ambient

around the aircraft, since a substantial amount of oxygen is provided by the tanks. The lower air mass flow that flows

through the air supply path demands lighter components. Although this analysis applies to most situations, some

components have slightly different changes with an increase in oxygen percentage. In the case of the compressor and

intercooler, the initial increase of oxygen percentage resulted in a more demanding sizing. This was due to a change

in optimum operating point, which is another effect of increasing oxygen percentage, since once a lower amount of

air needs to be compressed, the improvements in fuel cell performance due to higher operating pressures can be used

to provide propulsion power more efficiently, which was not the case when only using ambient air. Therefore, higher

operating pressures are used, and more compressor power and heat exchange in the intercooler are required, even if

the air mass flow is lower. This answer is sufficient when operating the fuel cell system solely with oxygen enriched

flow, which in this study is not the case. Since at cruise no additional oxygen is supplied, the improvements obtained

from oxygen enrichment are not sustained. The smaller stacks result in a less efficient operation at cruise. Therefore,

the opposite happens to the subsystem’s mass once they are sized for cruise; their mass increases with higher oxygen

percentages used for take-off and climb. At some point, even the reduction in stack mass is no longer achieved, with

the stack being sized for cruise, regardless of the lower power requirements at cruise.

The research question ”What is the best position of the H2 and O2 tanks taking into account the safety concerns

79
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and performance of the aircraft?” was not fully covered, as different oxygen tank placements were not evaluated.

However, a qualitative evaluation of the possible options for the placement of the oxygen tanks was done. From

these, the placement of the oxygen tanks in the cargo bay volume in front of the wings resulted in no changes being

required in terms of aircraft design and, therefore, no penalty in its performance. This configuration also provides

sufficient separation between the hydrogen and oxygen tanks. The use of the cargo volume to accommodate the tanks

was not fully evaluated and could potentially be a downside of this configuration.

The research question ”What are the effects of flight altitude on an aircraft with oxygen enrichment?” was

addressed with an evaluation of the aircraft and its fuel cell system for different design mission flight levels. This

evaluation showed that even though the amount of oxygen required increases with flight level, due to spending a

longer time using oxygen from the tanks, the total aircraft mass and hydrogen consumption increase for lower flight

levels. At lower flight levels, a more efficient propulsion system is required due to the more restrictive heat exchange,

as the ambient temperature is higher, which increases the fuel cell system mass. Nevertheless, the more efficient

system uses more hydrogen since the aerodynamic efficiency of the aircraft is reduced at lower altitudes, and more

power is required. The reduction in MTOM due to oxygen enrichment is affected by altitude, with a higher altitude

resulting in a less significant reduction in MTOM due to oxygen enrichment.

The research question ”What is the most efficient oxygen enrichment scenario, pure oxygen operation or partial

oxygen enrichment?” was answered through all the different evaluations performed in this study. All results showed

that in terms of MTOM reduction, the best solution of all oxygen percentages evaluated is obtained using pure oxygen

in the fuel cell or an oxygen percentage of 90% when the pure oxygen case was not displayed. Even though this is

the case, in terms of reducing hydrogen consumption, any case other than ambient air utilisation results in a higher

hydrogen consumption. The lowest hydrogen mass out of all oxygen enriched scenarios is obtained for the lowest

oxygen percentage evaluated, 30%.

To conclude the main research question, ”What are the effects of a propulsion system based on oxygen enriched

fuel cells on the design and performance of the overall aircraft and subsystems, including their masses and power

requirements?” can be answered. Three major factors played a role in the results obtained:

• To provide the fuel cell system with oxygen contents higher than those available in the ambient air, tanks are

required. The presence of these tanks increases system complexity and adds a weight penalty.

• The mass and power requirements of the balance of plant components are reduced with the use of oxygen

enrichment, where the higher the oxygen percentage, the lower the mass. The most significant mass reduction

is that of the fuel cell stack, with the possibility of reducing its mass by 50%. No further improvements are

possible since it was found that oxygen enrichment at cruise is not feasible due to the amount of stored oxygen

required. Therefore, after initial improvements, the cruise point limits the benefits of oxygen enrichment.

• Any reduction in the fuel cell stack mass resulted in a lower efficiency at cruise. This lower efficiency increases

the hydrogen consumption and the fuselage length required to accommodate the longer tanks.

From these factors, the resulting aircraft designs showed that a reduction in MTOM is possible with oxygen

enrichment, reaching a maximum of 4% for the base case studied. Even though MTOM reduces the aircraft’s

aerodynamic efficiency worsens with increasing oxygen enrichment, due to both an increase in fuselage length and

an oversized wing. The latter is a result of a conservative approach to wing sizing. With the reduction in MTOM, the

power required by the aircraft was also reduced. The sensitivity analysis showed that the reduction in MTOM is

mostly related to the mass of the fuel cell stack and that future design choices and improvements can affect it.

To conclude, the study conducted showed that oxygen enrichment can bring benefits in terms of MTOM reduction,

but always at the cost of increased hydrogen consumption. In addition, future fuel cell power density improvements

may even nullify the reduction in MTOM.

5.2. Recommendations
While this study made it possible to answer the proposed research questions and understand how oxygen enrichment

can affect aircraft design and performance, there are limitations to the proposed models and methods that should

be recognised. Therefore, the following recommendations are made, which would improve the accuracy of future

studies.

First of all, it is recommended that a more detailed design and sizing of the inlet and nozzle be done. The current

study was carried out assuming that a variable nozzle would be used and that the losses at the inlet and nozzle were

constant. With this simple loss calculation, spillage drag and other drag sources created by varying mass flows at
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the inlet are not considered. The mass estimation of varying nozzle systems could also be introduced to improve

accuracy.

One of the main problems encountered with the sizing of the heat exchange system was that such a passive

system would not work at low speeds. This occurred because the effect of the propeller on the incoming flow was not

considered. As a result, a battery was required. An improvement in the prediction of the propeller wake at the inlet

of the air duct would be beneficial and create a more realistic scenario of the air flow through the air duct. Related

to the same subject is the introduction of a fan in the ram air duct that would allow heat dissipation at low speeds.

Evaluating whether a fan is required would only be possible with an accurate prediction of the propeller wake.

The model used for the fuel cell does not provide any transient analysis; therefore, no assessment of the influence

of oxygen enrichment on fuel cell performance could be carried out. Another improvement that could be made to the

fuel cell modelling is the prediction of the reactant flow pressure loss throughout the fuel cell to obtain the outlet

conditions of the flow and consequently the drag or thrust generated by this flow. Concerning the fuel cell mass

modelling, improvements could be made, since it was verified that the method used created significant discontinuities,

altering the results. If such a system were to be applied, the fuel cell manufacturing would probably be adjusted to

avoid such penalties.

Another improvement that could be made is introducing the supply system to the sizing procedure. This would

include the pipes that transport hydrogen and oxygen from the tanks to the fuel cell. Sizing these components would

improve the accuracy of the results, and together with a simulation of the distribution, could lead to different design

choices due to the distribution of the reactants.

Lastly, an improvement could be made in the methodology created to take into account the effects of the sized

system on hydrogen consumption. In this study, the optimisation of the propulsion system did not consider its impact

on the resulting hydrogen mass. This was done to keep the methods simple since a mission analysis would have to be

done internally or an outside of the tool method would have to be developed to provide the information to the tool. In

addition, the decision on whether the hydrogen or system mass is more influential on the desired optimum would

have to be made.

With respect to the future of oxygen enrichment studies, it was made clear that with current and possible future

technology levels, in long cruise durations, the oxygen mass becomes detrimental and oxygen enrichment is limited

to shorter flight segments. Therefore, developments of other systems that can increase the oxygen percentage without

needing oxygen tanks to be transported in the aircraft should be studied. Currently, such systems would be too heavy

and require too much power to supply the necessary mass flows. Still, if smaller systems are available in the future,

oxygen enrichment would become a much more viable solution that could be used during any flight phase. Reaching

the same benefits observed in this study for climb and take-off for the whole flight mission.
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