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Abstract

The aviation sector faces growing pressure to reduce greenhouse gas emissions, while projections are suggesting
that emissions could double by 2050 to account for increases in passengers. Liquid hydrogen fuel cell-electric
(LH2FCE) propulsion offers a promising solution, with the potential to reduce climate impact by up to 90%
compared to conventional turboprop engines. However, significant challenges exist, including heat dissipation,
increased drag, and increased weight penalties from heavy fuel cell stacks, cryogenic hydrogen storage and thermal
management systems.

This thesis evaluates the impact on payload and range of retrofitting a regional turboprop aircraft with an
LH2FCE propulsion system, by performing the preliminary design of the balance-of-plant systems, and assessing
system performance by means of steady state analyses in take-off, top-of-climb and cruise conditions. A lumped
parameter model was developed to simulate the fuel cell and balance-of-plant components, including an air supply
and thermal management system and ram air ducts. Results show that payload reductions of approximately 58-71%
are expected for a 1500 km range compared to current turboprop aircraft, primarily due to increased mass and
drag penalties, which reduce the propulsion system’s specific power and lift-to-drag ratio. Sensitivity analyses
were conducted, highlighting the effects of fuel cell operational parameters. It was revealed that adjustments
in fuel cell temperature, pressure, and current density in the different operating conditions can enhance system
performance. Additionally, it was found that most systems must be sized for top-of-climb, except for the ram air
duct, which is constrained by take-off conditions. Incorporating a variable inlet design may eliminate ram air drag
in cruise, although detailed drag analysis is recommended. Integration of a turbine and halving the rate-of-climb
demonstrated that achieving a 1500 km range with a competitive payload (>3000 kg, 35 passengers) is feasible for
retrofits, while reserving mass for non-modeled systems such as batteries. Moreover, projections for 2030 suggest
that the performance of current turboprop aircraft could be matched by LH2FCE systems.

These findings highlight that LH2FCE propulsion is a viable and sustainable alternative for regional aviation,
provided the reduction in payload is acceptable. With advancements in fuel cells, heat exchangers, electric motors,
and liquid hydrogen storage, LH2FCE aircraft could achieve performance of current kerosene-powered turboprop
aircraft by 2030.
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Introduction

Air pollution from the aviation industry is an urgent environmental concern, with aviation emissions currently
contributing up to 3.5% of global greenhouse gases [1]. Without significant decarbonization efforts, the share of
aviation emissions can rise drastically as demand for air travel is evergrowing. Projections indicate that emissions
could double by 2050 [2]. The regional aviation sector, while responsible for only about 3% of total industry CO;
emissions, provides an opportunity to pioneer green aviation technologies [3].

One promising solutions for reducing emissions is liquid hydrogen fuel cell electric (LH2FCE) propulsion, having
the potential to reach a 90% reduction in climate impact compared to turboprop engines [4]. Research into LH2FCE
propulsion for aviation is gaining interest, with multiple flight tests already conducted in the commuter [5, 6, 7,
8] and regional aircraft segment [9]. Various companies and organizations are actively engaged in developing
larger-scale concepts for hydrogen-powered aviation, either by retrofitting existing turboprop aircraft [7, 8, 9, 10] or
developing entirely new aircraft [11].

However, significant challenges remain. Heat dissipation poses a significant challenge in LH2FCE propulsion. In
state of the art fuel cells, approximately half of the energy input is converted into low-grade heat, which must
be dissipated via thermal management systems. This can result in significant weight and drag penalties. Also,
while hydrogen is a lighter fuel than kerosene, it is expected that current cryogenic storage technologies reduce
performance compared to kerosene aircraft [12]. While storing hydrogen as a cryogenic liquid is most efficient
[13], heating to appropriate temperatures is required for fuel cell operation [14]. For this, utilization of fuel cell
waste heat can be efficient [15], but precautions against coolant freezing in cryogenic environments is essential [16].
Furthermore, fuel cells performance decreases at lower air pressure, necessitating adaptations to the air supply
system for flying at high altitude. Compressors required to provide the necessary pressure ratio might increase
fuel cell mass, especially when high climb rates are required. To decrease fuel cell mass, it can be designed for
a higher current density at the design power output, but this decreases efficiency [17]. Employment of current
fuel cell technologies (LT-PEM) also results in large amounts of relatively low-grade heat, requiring sophisticated
thermal management systems, especially at MW power levels. To dissipate this heat, large radiators can be placed
inside ram air ducts. This may increase the zero-lift-drag coefficient of the aircraft by at least 5%, and decrease
the lift-to-drag ratio by more than 2% [10]. Careful design of these ram air ducts may result in net-zero drag
by implementing the so-called Meredith effect, with potentially a small of thrust (5% of the ram air drag) [18].
Nevertheless, the impact on propeller blockage of such a duct may be significant [19].

Given the adverse effects on weight and drag, preliminary studies suggest that range and payload capacity of
regional LH2FCE aircraft may be affected substantially [20]. Retrofitting existing turboprop aircraft will demonstrate
whether LH2FCE propulsion can enhance sustainability and establish itself as a viable alternative in the regional
aviation sector. Therefore, the following research objective is proposed:

Research Objective

The objective is to evaluate the impact of retrofitting a regional turboprop aircraft with a liquid hydrogen
fuel cell-electric propulsion system on payload and range.

This will be achieved through the development of a lumped parameter model for preliminary sizing of
the air supply system, thermal management system, and ram air duct integrated with the fuel cell system,
assessing performance under take-off, top-of-climb, and cruise conditions.

This thesis is structured as follows. Chapter 2 provides a comprehensive literature study on LH2FCE propulsion,
after which the research questions are introduced. Chapter 3 presents the methodology for modelling and
simulation of the different propulsion architectures. Chapter 4 will discuss verification and validation methods
and Chapter 5 will focus on results and discussion. Finally, Chapter 6 closes off this thesis with conclusions and
recommendations.



Literature Study

This chapter presents the findings of a literature survey on liquid hydrogen fuel cell electric (LH2FCE) propulsion
systems to retrofit existing regional aircraft.

First, it will be discussed why LH2FCE propulsion is one of the promising solutions for decarbonization in the
aviation sector in Section 2.1. Then the subsystems of such a propulsion system are discussed in Sections 2.2 to 2.6.
After each subsystem section, a summary of the scope and research question(s) is given. Finally in Section 2.7, the
main research question is stated.

2.1. Background

Air pollution has been a focal point of concern regarding environmental issues. With the ever growing aviation
industry being one of the key contributors, sustainable innovation is required. As aviation is still thriving on
kerosene-powered propulsion, it may account for about 3.5 percent of global emissions [1]. Without any efforts to
decarbonize aviation and considering air traffic growth, emissions could double by 2050 as shown in Figure [2].
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Figure 2.1: Decarbonization roadmap for European aviation. Reproduced from [2].

As a result of these major concerns, in 2011, environmental goals were set by the European Commission for aviation
by launching Flightpath 2050 [21]. Research programs such as Clean Sky 2 (first Clean Sky) embody these objectives
by developing new aircraft and propulsion technologies to reduce CO3, NOy and noise emissions [22]. In 2015, the
Paris agreement was announced. The participating countries set the "overarching goal to hold the increase in the
global average temperature to well below 2°C above pre-industrial levels and pursue efforts to limit the temperature
increase to 1.5°C above pre-industrial levels [23]." Later, in 2019, the European Commission through its Green
Deal announced the goal of Europe becoming the first carbon-neutral continent by 2050 [24]. Recently, efforts
towards carbon-neutral aviation have been accelerated by Destination 2050 [2] and the Clean Aviation Strategic
Research and Innovation Agenda [25] in Europe, and by the Air Transport Action Group [3] and the International
Air Transport Association [26] globally.

Implementing novel technologies such as electric propulsion, sustainable aviation fuel (SAF), hydrogen combustion
or hydrogen fuel cell propulsion present the opportunity to address these challenging targets across all segments of
aviation. An indicative overview on which technologies might become commercially available at what time and in
which segment was provided by ATAG in 2021 [3].
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2020 2025 2030 2035 2040 2045 2050
Commuter Electricor  Electricor  Electricor  Electricor  Electricor  Electric or
»9-19 seats SAF Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen
» < 60 minute flights fuel cell fuel cell fuel cell fuel cell fuel cell fuel cell
» <1% of industry CO2 and/or SAF  and/or SAF  and/or SAF  and/or SAF  and/or SAF  and/or SAF
Regional Electricor  Electricor  Electricor  Electricor  Electric or
»50-100 seats SAFE SAE Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen
»30-90 minute flights fuel cell fuel cell fuel cell fuel cell fuel cell
» ~3% of industry CO2 and/or SAF  and/or SAF and/or SAF  and/or SAF  and/or SAF
Short haul SAF
» 100-150 seats potentially Hydrogen Hydrogen Hydrogen
»45-120 minute flights S S =l some and/or SAF  and/or SAF  and/or SAF
» ~24% of industry CO2 Hydrogen
Medium haul SAF SAF SAF
»100-250 seats SAF SAF SAF SAF potentially  potentially  potentially
» 60-150 minute flights some some some
» ~43% of industry CO2 Hydrogen Hydrogen Hydrogen
Long haul
Waalseeats SAF SAF SAF SAF SAF SAF SAF

» 150 minute + flights
» ~30% of industry CO2

Figure 2.2: An indicative overview of where low- and zero-carbon energy could be deployed in commercial aviation. Reproduced
from [3].

As indicated in figure 2.2, SAF is currently used in aviation, but for a very small amount (0.2% in 2023 [27]). SAF is
a hydrocarbon based fuel with an alternative feedstock to fossil fuels, such as biofuel or synthesis gas. Currently,
aircraft are certified to fly with a blend of conventional aviation fuel (Jet-A1) and up to 50% SAF. When 100% SAF is
used, CO7 emission reductions of up to 80% are possible [28]. Also, a 100% based SAF fuel has potentially higher
gravimetric energy density and decreased formation of contrails.

Despite the environmental benefits, SAF has high production costs and is not currently economically competitive,
having a price around 3 times higher than Jet-A1 [29]. Furthermore, for some routes of SAF production a large
amount of hydrogen is required, which only makes sense if electricity is only produced via renewable sources [30].
Still, with current projections, SAF will become a major resource for aviation fuels to enable the decarbonization of
long-haul flights. Also, SAF can make use of existing kerosene infrastructure [4].

Another novel technology is battery-electric propulsion, which has the highest emission reduction potential (up to
93%) as it has no in-flight emissions [31]. Still, battery production and electricity used for power also require to
be green [4]. While it is indicated in figure 2.2 that electric flight is not expected to reach the regional segments,
there are studies stating that electric flight could eventually expand to cover longer range segments of aviation.
Wolleswinkel et al. [32] re-examined the assumptions that lead to the conclusion of limited applicability of
battery-electric aircraft, and claim that battery-electric passenger aircraft can play a larger role in climate-neutral
aviation than was previously envisioned. In a second study, de Vries et al. [33] argued that the addressable market
is actually substantial by conducting a conceptual study on a 90-Seater with 800 km range. Still, thus far only small
battery-electric aircraft have been developed, such as the Pipistrel Velis Electro [34] and the Eviation Alice [35].
Mukhopadhaya and Graver argues that, electric aircraft will be limited to small and short-range missions [36].
Even if power density of batteries continues to improve as forecast, Staack et al. argue [37] that electric propulsion
might mostly play a role in hybrid-electric configurations. Thonemann et al. [38] conclude that in the short- and
medium-term, hybridization with Li-ion and Li-S batteries may be regarded as transitioning solutions toward
commercial hydrogen fuel cell aircraft.

Using hydrogen as a fuel is the other promising option. The gravimetric energy density of hydrogen is significantly
larger than kerosene (LHV = 120 MJ/kg vs 43.2 M] /kg). However, the volumetric energy density of hydrogen at
ambient temperature and pressure is extremely low. Even when it is stored as a cryogenic liquid (LH3), kerosene
only requires a third of the volume for the same energy content (8.5 MJ/L vs. 34.9 MJ/L). Actually, hydrogen and
kerosene should be compared in terms of tank gravimetric efficiency (ngr). Below ngr ~ 55%, hydrogen performs
slightly worse than kerosene in regional flights and significantly worse for longer flights. For values large than
Ngr & 55%, hydrogen outperforms kerosene and the advantage increases with range. As preliminary gravimetric
efficiencies of LHj tanks range between 25-40%, with some extreme predictions reaching up to 70%, some argue
hydrogen only fits lower range aircraft while others argue it gets even more attractive for longer range aircraft [12].

Hydrogen can be combusted in a jet engine just as kerosene. This has been researched already some time ago such
as in the Soviet experimental Tupolev-155, which performed over 100 test flights since 1988 with a LH, tank in the
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back of the aircraft and one of three engines running on Hj [39] (see figure 2.3). The project was discontinued due
to the fall of the Soviet Union. Another attempt was the Cryoplane study by Airbus and DLR [40], which led to the
conclusion the required energy would increase by 10% and enormous LH, tanks would be needed (see figure 2.4).

Figure 2.4: Cryoplane by Airbus, with
Figure 2.3: Soviet experimental Tupolev-155,  unconventional LH, tank placement. Reproduced
powered partially on LH,. [41] from [42]

Although the regional sector accounts for only 3% of aviation industry CO», these type of aircraft might see the
first major technology improvements by 2030 [3]. The regional sector presents the opportunity to develop the first
revolutionary technology for green aviation. As argued by, among others, Fuel Cells and Hydrogen 2 JU and Clean
Sky 2 JU [4] and Adler and Martins [12] these regional aircraft will be most efficiently powered by hydrogen fuel
cells with hydrogen stored as a cryogenic liquid.

In fuel cells, hydrogen reacts with oxygen generating water and electricity. Climate impact reduction potential of
hydrogen fuel cells is estimated at up to 90%, while hydrogen combustion does not reach higher than 75%. This is
due to NOy formation in combustion chambers and more contrail formation in hydrogen turbines [4].

Climate impact
Change of in-flight emissions and emission related effects’ reduction potential*
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Ongoing scientific
debate about full
climate impact, in Synfuel 0% -0% -10-40% -30-60%2
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emissions alone A Ely;!rcoeg"e 0 -100% -100% +150% -60-80% -75-90%

1. Assuming decarbonized production and transportation of fuels in 2050

2. 10 times lower climate impact than from CO, emissions

3. Net CO; neutral if produced with CO; captured from the air

4. Measured in CO; equivalent compared to full climate impact of kerosene-powered aviation

Figure 2.5: Comparison of climate impact from hydrogen propulsion and SAF (Synfuel), compared to kerosene-powered aircraft.
Reproduced from [4]

Still, to reach the potential indicated in Figure 2.5, production has to be green. In a hydrogen-based economy,
aviation accounts for 10 million tons of H, by 2040, which is 5% of the global demand projected by the Hydrogen
Council [4]. In the same study it is argued that fuel cell systems are unfit for short-range aircraft (165 passengers,
2000 km), since fuel cell systems are relatively large due to their large cooling requirements, unless design range is
reduced by up to 50% and flight time is increased by up to 15%. For longer ranges, hydrogen combustion becomes
a more viable opportunity even though climate impact reduction potential is decreased. It is therefore argued that
hydrogen fuel cell propulsion will be mainly applicable in the commuter and regional sector.

In aviation, liquid hydrogen fuel cell electric propulsion remains an active field of research. Several ground and
flight demonstration tests have been performed in the commuter and regional aircraft segment with limited payload
and passengers. Some OEMs also envision larger concepts on which they are actively working. In figure 2.6 a few
of these demonstrators and concepts are shown.
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Figure 2.6: Hydrogen fuel cell propulsion demonstrators and concepts: Boeing first ever manned fuel cell aircraft, ENFICA-FC,
H2FLY HY4, ZeroAvia D0228, Universal Hydrogen, Airbus. Reproduced from [5, 6,7, 8,9, 11]

While Boeing came with the first fuel cell manned aircraft in 2008 powered by gaseous hydrogen at a pressure of
350 bars [43], they believe that aviation will be largely powered by SAF in 2050, which is in line with the vision of
the Air Transport Action Group [3]. Boeing is thus not focusing as much on hydrogen fuel cell technology at the
moment, as they believe it will only start playing a role after 2050 [44]. Romeo et al. flew a small two-seater in 2013
powered by GHy (the ENCICA-FC), setting a speed record at that time [6]. H2FLY performed the first piloted flight
of a 4-seater LH fuel cell electric aircraft, which can reach twice the range their earlier GH, demonstrator could.
H2FLY and Deutsche Aircraft plan to retrofit a 40-seater Dornier 328 with hydrogen fuel cell propulsion, carrying
40 PAX up to 1150 miles [7].

ZeroAvia performed a first test flight in January 2023 with a 19-seat Dornier 228, where one of the engines was
replaced with a fuel cell. Current tests have been limited to altitudes of merely 5000 feet, with an endurance of only
23 minutes. The company targets to retrofit DeHavilland DHC-8 Q400 and ATR72 aircraft with fuel cell electric
retrofit with their ZA2000 engine platform [8]. In March 2023, Universal Hydrogen demonstrated an operational
fuel cell powered by GH on an ATR 72, having replaced one of the engines. The company also recently performed
a 1h40m ground test with a IMW iron bird powered by LH,. Universal Hydrogen plans to produce a conversion kit
for the ATR72 and the DHC-8 to fly on LH>. The LH; tanks will be modular capsules that are refueled at specific
hubs and can be delivered to whichever airport necessary, at least for the first generation [9].

Airbus has set itself the goal of putting a hydrogen-powered aircraft on the market by 2035. Several variants are
being investigated, one of which is a variant with fuel cells in pods under the wing. The six modular pods contain
hydrogen tanks, fuel cells and electric motors. Recently, Airbus performed the most powerful ground-test ever with
a 1.2 MW fuel cell system designed for aviation. Airbus aims to test and this system on their A380 demonstrator by
2026 [11]. Conscious Aerospace together with a consortium of parties from the Netherlands plans to provide a
means to retrofit DHC-8 Q300 aircraft with fuel-cell electric propulsion and LH; storage in their hydrogen aircraft
powertrain and storage system (HAPSS) project [10].

In a study by Fuel Cells and Hydrogen 2 and Clean Sky 2 Joint Undertaking (European Union), a regional
concept with distributed propulsion on the wings and LH tanks is envisioned [4], reaching 540 NM with 80
PAX. Mukhopadhaya argues in a conceptual performance analysis for ICCT that hydrogen fuel cell aircraft will
compromise on passengers and range, with LH, performing slightly better [20].

A key selling point of current regional aircraft is short runway take-off distance. For instance, the DHC-8 Q400 has
a minimum take-off distance of 1300m [45]. Keeping to this distance puts a strict requirement on power delivery
from the fuel cells, which can pose a challenge with current fuel cell power density and increase system weight
significantly [12]. It might be more realistic to construct a mission profile with longer take-off distances at larger
(regional) airports. The HYPORT project was the first to construct green hydrogen production and distribution
infrastructure at Toulouse-Blagnac airport (3500m runway) [46, 47]. The project will open a second hydrogen plant
at Tarbes-Lourdes-Pyrenees airport (3000m runway).

An attempt has been made to summarize the commuter/regional hydrogen demonstrators and concepts mentioned
above into a PAX-range diagram. For comparison some kerosene-powered turboprop aircraft have been added,
from early to recent generations.
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Figure 2.7: Regional hydrogen fuel cell-electric aircraft compared to kerosene-powered turboprop aircraft, in terms of payload
(passengers, PAX) and design range.

Several conclusions can be drawn from figure 2.7:

* LHj storage increases payload-range compared to GH; storage.

¢ Hydrogen fuel cell powered aircraft seem to compromise on passengers or range compared to current
kerosene-powered turboprop aircraft. Few argue that performance can be similar or even better.

* When comparing conceptual hydrogen fuel cell aircraft to older turboprop aircraft (DHC-8 Q100, Dornier
328, ATR 42 family) performance is similar.

While the mission requirements of state-of-the-art turboprop aircraft serve as the baseline for comparison with
LH2FCE propulsion, modifications to these requirements may improve performance. For example, reducing the
rate-of-climb can lower the required climb power, while a lower cruise altitude and speed can reduce power demand
at top-of-climb. Additionally, sacrificing range for payload could enhance performance. These considerations lead
to the following research question:

Background: Research Question

¢ "What modifications to the baseline mission can improve payload and range?"
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2.2. Fuel Cell System

A hydrogen fuel cell is a device that generates electricity from hydrogen and oxygen. Hydrogen is consumed at
the negative electrode (anode), while oxygen is consumed at the positive electrode. Oxygen is usually supplied
through ambient air. Most common types of fuel cells considered for aircraft are low-temperature proton exchange
membrane fuel cell (LT-PEMFC) and solid-oxide fuel cell (SOFC) [48]. A less mature technology fuel cell technology
that is now emerging is the high temperature proton exchange membrane fuel cell (HT-PEMFC) [49].

2.2.1. Fuel Cell Types
In a LT-PEMFC, the following reactions takes place:

2H, — 4H™" + 4e~ (anode)
Oy +4H* +4e~ — 2H,0 (cathode)

A LT-PEMFC contains a polymer electrolyte membrane which allows only H* protons to pass. The H* protons
recombine with oxygen to form water at the cathode, while the electrons can provide power to an external load.
The LT-PEMFC has currently the highest technology readiness level (TRL) and power density [14], so this is likely
to be implemented into the first generation of fuel cell aircraft [12]. LT-PEMFCs have a efficiencies up to 60% [50],
which is substantial. However, heat from this type of fuel cells is low-grade as temperatures are 90°C at most, to not
damage the membrane. Complex thermal management systems that increase system weight will be required [12].

LT-PEMEFCs also require active water management as appropriate humidification of the membrane is essential
to prevent dry-out. Challenges include dependence on expensive polymer membrane materials such as Nafion,
expensive platinum catalysts and sensitivity to impurities in the hydrogen supply [14]. Figure 2.8 displays a
LT-PEMEC. To increase voltage output, many cells are connected in series, forming a stack.

Currently, research into LT-PEMFCs with power levels required for aviation is gaining momentum. Up to 4 MW
can be required to power regional aircraft [10], whereas one of the most powerful operational automotive fuel cell
stacks, in the Toyota Mirai, only provides 128 kW at a specific power of about 2.0 kW /kg [12, 51]. Schroéter reports a
fuel cell with 2.4 kW /kg in his work [17] and recent ground tests with LT-PEMFC stacks carried out by Airbus and
Universal Hydrogen demonstrated power levels up to 1.2 MW [52, 53]. According to the Aerospace Technology
Institute, fuel cell specific power may increase to 9 kW /kg by 2030 [54], although this assumes HT-PEM technology.

In SOFC, another common type of fuel cells, the following reactions take place:

2H5 +20%” — 2H,0 + 4e~ (anode)
O +4e~ —> 20% (cathode)

A SOFC uses a solid oxide or ceramic electrolyte, which selectively allows only O% ions to pass. These ions migrate
through the electrolyte to the anode, where they react with hydrogen to produce water. SOFCs operate at high
temperatures, typically between 600-1000 °C [55], which reduces the cooling demands on the thermal management
system. Unlike LT-PEMFCs, SOFCs do not require humidification of the membrane, eliminating the need for a
water management system. Additionally, SOFCs are more tolerant to fuel impurities and can operate with hydrogen
derived from kerosene reforming, whereas PEMFCs needs Hj purity levels of over 99.7% [56]. However, SOFCs
typically have low specific power, with current forecasts reaching up to only 0.5 kW /kg, making them less attractive
for aviation unless future advancements significantly increase this metric [57].

The high operating temperature of SOFCs presents an opportunity to harness waste heat efficiently. For example,
waste heat can preheat the air entering the combustor in a gas turbine, thereby lowering fuel utilization [12]. Many
SOFC-GT (gas turbine) hybrid architectures have been proposed, though few experiments have been performed
to validate claims [58]. Challenges remain related to managing the transient operation and control of SOFC-GT
systems, an area of active research [59]. Additionally, SOFCs produce some NOy, though using alternative
hydrogen carriers such as ammonia or biofuels could mitigate these pollutants [60]. Among various fuels studied
for SOFC-GT hybrids—such as ammonia, alkanes, and ethanol—liquid hydrogen (LH>) generally delivers the best
performance, albeit with a weight penalty [61].

In regional aviation applications, Choudhary et al. [62] found through modeling that integrating SOFCs into a
hybrid turboprop system could improve performance by 12-13%, although this benefit is most effective when using
Sustainable Aviation Fuel (SAF) in the turboprop. Figure 2.9 illustrates the structure of a single SOFC cell.
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Figure 2.8: Low-temperature proton exchange membrane Figure 2.9: Solid oxide single fuel cell.

single fuel cell.

A HT-PEMEC operates at higher temperature (140-180 °C), reducing the cooling requirement of the fuel cell stack.
The higher operating temperature also allows operation with solid acid membranes, eliminating the need for
humidification. However, lifetime is expected to be shorter than LT-PEM [63]. The higher operating temperature
allows the fuel cell to be cooled by the same compressed air used in the FC stack [12]. Hypoint, owned by ZeroAvia,
wants to develop such an air-cooled HT-PEM propulsion system [64]. They claim such an architecture can reach
four times more efficient cooling compared to liquid cooling, placing stacks in a radial fashion. Also, lower grade
Hj would be possible, as well as three times more specific power. Also Embraer is aiming to integrate a HT-PEM
into a propulsion system in their Hydrogen Demo Family project [65]. The Aerospace Technology Institute claims
that specific cooling powers of >10kW /kg are possible with HT-PEM technology [66].

2.2.2. Fuel Cell Characteristics

Electrical current is proportional to the amount of electrons traveling from the anode to the cathode [12]. Ideal
reversible cell potential E[V] that can be obtained in a fuel cell is dictated by the Nerst equation [14], which accounts
for pressure effects and for temperature effects.

Vi
A§ RT . 1 2oducts
g0 25 _py_ &2 products
E=E0+ (T To) —=In —

reactants
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Where,

e E0=A 3/nF, with A§ is the Gibbs free energy change, n the number of moles of electrons (n = 2 for Hp) and
F the Faraday constant.

. ﬁ—f:(T — Tp) is a temperature-dependent term, where A3 represents the molar enthalpy term, and Ty the
standard temperature.
Ma;

H+M is term dependant on the activity/partial pressure a"i of the products and reactants.
Areactants

Increasing partial pressures of the reactants increases reversible voltage.

RT
L4 ﬁln

The theoretical maximum efficiency of a fuel cell is given by [14]

work 3 A_g

—_—— = —. (2.2)
energy input  Aj

NFC =

As Gibbs free energy A§ and reaction enthalpy Ah are pressure- and temperature-dependent, the efficiency
definition depends on the reference value taken for these quantities. Also, Ah depends on whether the produced
water remains a vapour (lower heating value, LHV) or condenses to a liquid (higher heating value, HHV) [17].
O’Hayre et al. [14] argue that the HHV should be used, as this represents the true theoretical energy that can be
recovered from hydrogen oxidation. Using the LHV might lead to higher but misleading efficiencies. Theoretical
cell potentials and efficiencies at standard conditions of 25°C and 1013 mbar(a) are shown in table 2.1.

Table 2.1: Theoretical cell potential and efficiency based on LHV and HHYV at standard conditions of 25°C and 1013 mbar(a) [17]

Phase of produced water  Heating value water Ah Ag Theoretical maximum efficiency
liquid HHV 1.48V  1.23V 83.1%
gaseous LHV 1.25V  1.18V 94.4%
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While fuel cell current is solely determined by the reaction rate, actual voltage is lowered by three types of losses
[14]:

* Activation losses, due to the voltage required to overcome the chemical reaction activation barrier.

e Ohmic losses, a result of the internal resistance of a fuel cell. This is mainly dependant on electrolyte type
and thickness.

® Mass transport losses, dictated by limitations in the ability of reactants to reach reaction sites on the electrodes.
This lowers the current density as it lowers the reaction rate.

A polarization curve relates cell potential (voltage) and current density, including the three regions aforementioned
losses. As current density is increased, cell potential drops as well as fuel cell efficiency. This is shown in figure 2.10.

Fuel cells have interesting behaviour when specific power output is considered. While efficiency is lower at higher
current density, specific power increases as shown in figure 2.11. Hence, when integrating a fuel cell into an aircraft,
one can lower current density and increase fuel utilization efficiency, thereby lowering fuel mass. However this
increases fuel cell size, mass and cost. Sizing the fuel cell to maximum specific power reduces fuel cell weight but
increases fuel mass. The optimum point may be somewhere in between and can depend on the aircraft [12].
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Figure 2.10: Polarization curve of a fuel cell. Figure 2.11: Specific power and efficiency of a fuel
Regions of losses are indicated. Reproduced  cell versus current density. Adapted from [12].
from [17].

While polarization curves of fuel cells are often unavailable, some papers show these curves, often obtained
experimentally. Figures 2.12 and 2.13 show the polarization curves at different operating pressures. Fuel cell
efficiency seems to increase with increasing air pressure. This topic is discussed in greater detail in section 2.3.1.
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Figure 2.12: Polarization curve, at RH = 75% and fuel cell Figure 2.13: Polarization curve obtained by
temperature of 74°C [67]. modelling, with experimental results added
for an ElringKlinger NM5 300 cell stack [17].

2.2.3. Fuel Cell System: Key Takeaways and Research Questions

As a result of the key takeaways in the previous subsections, the technology considered for the fuel cell system is as
follows.
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Fuel Cell: Key Takeaways

® As LT-PEMEC has the highest TRL, with specific powers reaching up to 2.0 - 2.4 kW/kg, it is selected in this study.

¢ While SOFC has some advantageous over LT-PEMFC, it is excluded as specific power (<0.5 kW /kg) and TRL are
low.

¢ HT-PEMEC has low TRL, but it should allow for a more effective and lighter thermal management system. The
effect of the higher operating temperature can be considered in a sensitivity analysis. Also, the effect on payload
and range of transition from LT-PEM to HT-PEM, increasing specific power, can be assessed, based on technology
projections for 2030.

The corresponding research questions are:

Fuel Cell: Research Questions

¢ "To what extent does implementation of a HT-PEM fuel cell improve payload and range, when considering the
increase in operating temperature?"
¢ "How do payload and range improve based on technology projections for 2030?"
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2.3. Air Supply System

As flight altitude increases, ambient pressure drops. Air pressure, relative humidity and air excess ratio are three
factors that influence fuel cell performance. As the effect of these parameters is strongly intertwined, Schréter
(2023) argues that finding optimal values is not trivial [17]. Their relation can be expressed through the following
equation [17].

_ X0y,in (RHoutPsat,out - 2P0ut)

Ao, = , (2.3)
2 Rbpout — RHout (1 + I,Z/) Psat,out
where,
= : Psat,inl%Hin : (2.4)
Pin — Psat,inRHin
where:

* Ap,: stoichiometry,

* x(p,: molar fraction of oxygen,
* RH: relative humidity,

® psat: saturation pressure,

® p: pressure.

First, insight on the effect of air pressure, relative humidity and air excess ratio is given in Sections 2.3.1 - 2.3.3.
Thereafter, the essential and optional components of the air supply system are discussed in subsection 2.3.5.

2.3.1. Influence of Air Pressure

At elevated fuel cell air pressures, air density is higher, leading to a smaller air volume flow rates for the same mass
flow. The reduction in air volume flow rate reduces the risk of membrane dehydration. Also, as mentioned in
subsection 2.2.2, increasing partial pressure or activity a*i of the reactants increases Nernst potential (Equation
2.1) and thus cell voltage and power density. The voltage required to overcome the chemical activation barrier is
lowered, and ohmic and mass transport losses are lowered. In Figures 2.12 and 2.13 the effect of increasing pressure
can be seen quite clearly.

While Schroter argues that increased pressure elevates fuel cell performance, compressor power also increases [17].
If the compressor is powered by the fuel cell, excessive pressurization can outweigh these performance gains by
increasing system mass, as shown in preliminary research from the CATHINCA project at NLR [68]. Blunier and
Miraoudi (2007) mention that compressor power can be 20-25% of the fuel cell gross power [69]. Therefore, there is
a trade-off between performance and increased system mass.

2.3.2. Influence of Relative Humidity

Temperature and pressure variations influence the relative humidity: an increase in temperature decreases relative
humidity as the ability of the air to hold water increases. An increase in pressure conversely increases relative
humidity as the air is able to hold less water vapor [70]. However, temperature has a much larger effect [17].

Maintaining the correct relative humidity in a LT-PEMFC is crucial for its operation. The membrane in such a fuel
cell is often made from Nafion. Nafion conductivity increases with increasing relative humidity [71, 14]. Insufficient
water content can cause dry-out of the membrane, leading to damage in the long term. Conversely, too much water
can flood the electrodes, preventing reactants from reaching reactant sites [12].

Studying water movements inside the fuel cell is of great importance for its design. Different mechanisms transport
water back and forth between cathode and anode. These are electro-osmotic drag, thermal-osmotic drag, hydraulic
permeation and back diffusion. Whereas the first mechanism transports water towards the cathode, the other three
have a reverse effect [72]. While currently humidifiers are often used to maintain the correct relative humidity
inside the fuel cell, in the future the water generated inside the cell may be sufficient to keep the membrane wet.
However, more research is required to understand this so-called self-humidification in detail, according to Fan et al.
(2021) [73].

Sanchez et al. (2014) constructed a diagram by conducting fuel cell humidity experiments, relating cathode and
anode relative humidity for a single cell [74]. For a constant temperature of 80°C and p = 1.5 bar, they identified the
regimes in which fuel cell performance drops drastically. Although no precise value is given, a high air excess ratio
is mentioned. As can be seen in Figure 2.14, a cathode (air side) relative humidity of 50-100% is required for low
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anode relative humidity. Cathode relative humidity can be slightly decreased by increasing the value on the anode
side.

. Flooding behavior

Flooding
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Lower performances
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D Drastic voltage drop
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Figure 2.14: Relation between fuel cell stahbility and relative humidity on cathode and anode side. Reproduced from Sanchez et
al. (2014) [74]

2.3.3. Influence of Air Excess Ratio

To prevent a loss of efficiency at the end of the plates, it is common to increase air excess ratio or stoichiometry of the
incoming air. More air than required to reach the stoichiometric air to hydrogen ratio is provided. Especially at
higher current densities, fuel cell performance increases with increasing air excess ratio [75]. The air excess ratio A
(similar to equivalence ratio in combustion) can be calculated with [70, 17]

) = mass flow of air  7itar 25)
usage of air | rcrio Moy ' '
4F X (&2

where 1, is the air mass flow [kg/s], ipc the current density [A/ cm?], no, the number of moles in the equation,
Mo, the molar mass of air [mol], F the Faraday constant, xp, the molar fraction of oxygen in air. In practice, less
oxygen is consumed then expected as reaction rate decreases with oxygen concentration [70]:

A-1
XOpout = — 1 (2.6)
X0 4,1

With X0y 0ut the oxygen molar fraction [-].

2.3.4. Optimal conditions

According to Schréter (2023) relative humidity at the fuel cell outlet should be 100% to prevent either dry-out or
flooding of the membrane. To obtain a 100% outlet relative humidity, the air volume flow needs to be lowered,
while still reaching the required air excess ratio. Increasing air pressure decreases volume flow. Also, increasing
inlet relative humidity increases outlet relative humidity. For fuel cell powers higher than 45 kW, air pressure
should be as high as possible, while the optimal air excess ratio is A = 1.7 and inlet relative humidity is at 100%.
The publication by Schréter is one of the few works in which cell and air supply system are modeled and validated
through testing of a 68 kW fuel cell (ElringKlinger NM5 300), including conditions mimicking those encountered in
operation at high altitudes. Along with the polarization curves at different fuel cell pressures, Schréter presents the
relationship between the inlet air temperature, pressure, and relative humidity in his fuel cell model, as can be seen
in Figure 2.15.
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Figure 2.15: Fuel cell stack operating temperatures for different relative humidity conditions: no humidification (red line) and
98% RH (65°C dew point, green line). Modeled data values are shown in black. Reproduced from Schréter [17].

Figure 2.15 presents the fuel cell stack operating temperatures corresponding to no humidification (red line) at air
pressures below 1.4 bar, 50% relative humidity at 1.4 bar, and 98% relative humidity at pressures higher than 1.4 bar
(65°C dew point, green line). At higher pressures, the stack operating temperature increases due to improved heat
transfer and reaction kinetics. When the inlet air is humidified to a dew point of 65°C, 98% RH can be maintained
even as the stack temperature rises. Below 1.4 bar, the stack temperature is reduced, and no relevant humidification
is observed. Therefore 0% humidification is assumed, as shown in the "no humidification" curve. The model
predicts these trends and enables performance estimation for pressure levels not covered in the literature, with the
modeled data plotted as black points.

In other studies, different combinations of optimal conditions are mentioned. Schréder et al. (2021) found optimal
conditions for all three operating conditions - A = 1.8, ¢] = 38 —49% and p = 1.59 — 1.90. While an elaborate
model including an air supply system and thermal management system is modeled for an APU system of 300 kW,
experimental tests are conducted on a testbed of only 4 kW. Schroder et al. mention that the tested fuel cell stack is
not particularly well-suited for aviation due to low its power density [76]. Kim et al. (2005) suggest that optimal
system efficiency is achieved at p = 2 bar. A relative humidity at the cathode inlet of ¢..] = 70% should be used as
it yields ¢ = 100% at the outlet. However, air excess ratio A is not optimized [77]. Blunier and Miraoudi (2007)
found an optimum at 2.5 bar for an air excess ratio of 2 [69]. Beyond an air excess ratio of 3, the net voltage level
was negative, as more voltage was required for compression of the air than the fuel cell can deliver. There is no
mention of relative humidity in the paper. Ahmadi et al. (2016) find optimum pressures of 3-4 bar, but insights on
air excess ratio and relative humidity are lacking. Janicka et al. (2021) mention optimal values for relative humidity
at low and high current densities (ipc). However, air excess ratio and operating pressure are not optimized.

2.3.5. Air Supply System Components

The basic architecture for the air supply of an aircraft fuel cell propulsion system includes several components [76,
17]:

* An air intake. Additional pressure losses should be considered if the mass flow of air is significant.

® An air filter, to remove harmful particles from the air.

* A compressor, to increase air pressure to the desired FC inlet value. This compressor is usually electrically
driven.

¢ An intercooler, as the air heats up significantly after compression.

¢ A humidifier, which humidifies the relatively dry air to the desired value. The air is relatively dry as relative
humidity drops when air temperature is increased due to compression in the compressor. Humidification is
often done through a membrane, separating the exhaust gases and incoming air.

To control pressure inside the fuel cell, a pressure regulation valve at the outlet can be used. However, the air exiting
the humidifier is still relatively hot compared to the environment, resulting in energy loss if vented through a valve.
A number of components can be added to not only recover energy, but also ensure improved water management.
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A turbine can be used to extract energy from the relatively hot air exiting the fuel cell. It can be used in
combination with centrifugal compressor to form a turbocharger. More than 30% of the compressor power
may be recovered [78]. This is also being researched in the CATHINCA project at NLR [68].

A recuperator can be employed to heat air entering the turbine with the hotter air exiting the compressor.
This results in a power increase of the turbine, reducing system mass. The recuperator can also eliminate the
risk of condensation inside the turbine. However, preliminary analysis in the CATHINCA project showed no
substantial benefit of this configuration at system level [68].

A water separator, which can be employed to remove liquid water particles from the exhaust gases. This can
be achieved either through centrifugal force or by cooling, the latter being known as a condenser. Removing
the liquid reduces the risk of freezing near the outlet to the environment. Also, if a turbine is implemented,
damage to the turbine blades by liquid droplets is prevented. Furthermore, the recovered water can be used
in the humidifier or elsewhere in the aircraft.

Table 2.2 provides an overview of several studies in which these components are implemented in fuel cell air supply
systems. When applicable, the types of compressor and intercooler are specified.

Table 2.2: Literature reviw of studies dealing with various air supply system components. "X" indicates use of the component,

while "-" indicates no use.

Source | Compressor type Intercooler Recuperator ~Water sepa- Condenser Pressure Turbine
type rator regulation
valve
[69] Centrifugal, screw, Liquid-air - X X - Optional
scroll or rotary vane

[79] Centrifugal - - X X - -

[80] - (P < pamb) - - X X X -

[81] Roots Liquid-air - - - X -

[82] Centrifugal Liquid-air - - X - -

[83] Centrifugal Air-air - - - X -

[76] unknown Air-air - - - - Optional
[84] Centrifugal - X - - - X

[17] Centrifugal Air-air - - - X -

[85] Centrifugal Liquid-air - X - Optional Optional
[86] unknown - - - - - -

From the literature overview, it is evident that a centrifugal compressor is commonly employed, while both air-to-air
and liquid-to-air intercoolers are valid options. In addition, the potential integration of a turbine is considered to

increa

se system efficiency.

2.3.6. Air Supply System: Key Takeaways and Research Questions

Considering the literature study on air supply systems for fuel cells, several key considerations emerge:

Air Supply System: Key Takeaways

¢ Data from the publication by Schréter will be implemented as it provides the most complete data for optimal fuel
cell temperature, pressure, current density and air excess ratio, validated for the largest fuel cell and air supply
system testbed currently in use (65 kW) [17].

¢ Literature shows a large variety for optimal fuel cell inlet air pressure, relative humidity and air excess ratio.
These parameters will be included in a sensitivity analysis of the preliminary design of the propulsion system.

* Essential components are the air filter, centrifugal compressor, intercooler, humidifier and air outlet. Preliminary
design of these components can be affected by mission parameters such as air velocity, air pressure, humidity and
air density. It will be essential to quantify the effect of such parameters in different operating conditions.

® While air-to-air and liquid-to-air intercoolers are both implemented in literature. The choice of the type of
intercooler depends on the ease of integration with other systems.

® The addition of a turbine to the air supply system can decrease the power requirement of the compressor.

® While a recuperator can increase reduce system mass and eliminate the risk of condensation inside the turbine,
preliminary analysis in literature showed no substantial benefit at system level. Therefore it is considered
inessential to include in preliminary sizing of the air supply system.

¢ Components such a as a water separator, condenser and pressure regulation valve are not always included in
studies detailing air supply systems for fuel cells. These components are considered inessential to include in
preliminary sizing of the air supply system.

The following research questions arise are associated with the air supply system:
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Air Supply System: Research Questions

¢ "To what extent do fuel cell operational parameters affect payload and range?"
* "What operating conditions are affecting the preliminary design of a fuel cell balance-of-plant?"
¢ "To what extent can the addition of a turbine enhance payload and range?"
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2.4. Thermal Management System

This section discusses the literature review of thermal management of LH2FCE propulsion systems for regional
aircraft. Cooling the fuel cell is critical, as these aircraft typically require power levels up to 4 MW [87]. With
fuel cells operating at about 40-60% efficiency, approximately 4 MW of excess heat must be dissipated [50]. This
is similar to heat dissipation from more than 1000 household electric ovens at the same time. Without adequate
cooling, increased temperatures can degrade performance and damage the proton exchange membrane inside the
fuel cell. LT-PEMFCs operate around 80°C, producing low-grade heat with a small temperature difference relative
to the environment. This narrow difference complicates the design of effective heat rejection systems.

2.4.1. Fuel cell cooling

Three primary techniques are utilized to cool a fuel cell:

¢ Air cooling: The cathode air is employed to control the temperature of the fuel cell.

* Liquid cooling: Water or another coolant is employed to convect heat from the fuel cell, typically in a
mechanically pumped loop.

¢ Phase change cooling: This technique uses the latent heat of water or another coolant [88].

¢ Evaporative cooling adds cooling water to the cathode air, removing heat from the fuel cell through water
evaporation [88].

Air cooling is typically employed in relatively small fuel cells, such as in NLR’s HYDRA-1 drone. This hydrogen
drone is powered by fuel cells of only 800W [89]. In larger LT-PEMFCs with power outputs exceeding 5 kW, liquid
cooling is the most common method. The standard coolant in the automotive industry is a water—ethylene-glycol
mixture [90].

A liquid mechanically pumped loop consist of a pump and accumulator, expansion valve and radiator [88]. The
accumulator is required to control thermal expansion and pressure of the working fluid [91]. There are multiple
types of accumulator, such as a pressure controlled accumulator. Pressure can for instance be controlled by pushing
a diaphragm inside the accumulator with pressurized nitrogen [92]. A heat controlled accumulator is another
type of pressure device, in which pressure is maintained by keeping the accumulator above a certain saturation
temperature. The corresponding vapor pressure regulates the accumulation of liquid. A porous filter can be
exploited for vapor blocking [93].

Pump and accumulator are typically placed on the cold side of the system to prevent cavitation which can damage
the pump [93]. However, if the lowest possible pressure is desired inside the fuel cell, the pump and accumulator
can also be placed on the hot side. An overview of a liquid mechanically pumped loop is shown in Figure 2.16 with
a T-S diagram for illustrative purposes.
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Figure 2.16: Liquid mechanically pumped loop (mechanically pumped loop). Own work based on [91].

To dissipate heat out of the fuel cell, the coolant can be pumped through small channels in the bipolar plates, mainly
removing the heat through convection [94]. A small portion of the heat is convected or radiated via other paths, as
shown in Figure 2.17.
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Figure 2.17: Heat paths inside a LT-PEMFC with coolant channel. Adapted from Bargal et al. (2020) [94].

An emerging technique for cooling fuel cells is employing a two-phase mechanically pumped loop [88]. Ellis
and Kurwits (2016) found that a two-phase mechanically pumped loop is especially suited for high heat flux
applications and temperature uniformity, e.g. space applications, as the latent heat of the cooling fluid is exploited
[95]. However, LT-PEMFCs typically exhibit relatively low heat flux and non-uniform temperature distribution,
making this approach less applicable. Current fuel cells generate about q=5 kW/m2 [96]. With low heat, a
challenge arises. Superheated liquid can enter the fuel cell at the onset boiling without vaporizing significantly.
This considerably decreases the heat transfer coefficient [97]. At heat fluxes of an order of magnitude larger (O(200
kW)), two-phase mechanically pumped loops are much more effective. Furthermore, a temperature difference of
10-15K is usually observed in LT-PEMFCs to prevent large coolant mass flow rates, resulting in a non-uniform
temperature distribution [98]. Figure 2.18 illustrates how a two-phase mechanically pumped loop works.
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Figure 2.18: Two-phase mechanically pumped loop. Own work based on [91].

In two-phase cooling systems, a condition that must be avoided is critical heat flux (CHF), which results in flow
instability and low heat transfer coefficient [99]. Figure 2.19 illustrates that the heat transfer coefficient is rather
small beyond the CHF, when compared to a liquid-vapor mixture. Also, it can be seen that the HTC increases
only for a specific region of liquid-vapor mixture, highlighting the essence of temperature uniformity. Scoccimarro
(2023) argues that two-phase mechanically pumped loops probably outperform liquid cooling, but many challenges
are to be solved and detailed analysis is lacking [85].



2.4. Thermal Management System 18

q Liquid film CHF
¢ ‘ ‘ ¢ Entrained droplets Vapor core l

W

Liquid | Bubbly Slug Annular flow
o flow flow

A

HTC

»
>

Vapor quality X erit

Figure 2.19: Heat transfer coefficient (HTC) for different flow regimes. The critical heat flux (CHF) condition is illustrated.
Reproduced from Morse et al. (2021) [100]

Fly and Thring (2016) argue that evaporative cooling can be a very effective fuel cell cooling method, requiring
a radiator frontal area of 27% less than required for liquid cooling [88]. Additionally, no cooling channels are
required within the fuel cell, decreasing mass and increasing specific power. However, a highly efficient water
removal system is needed to maintain the water cooling cycle, before exhausting the cathode air (> 90%). A cyclone
water separator is mentioned as a potential solution. Otherwise, fuel cell temperature would have to be lowered to
maintain water balance, as relative humidity and water production increase in the fuel cell. This increases required
radiator area due to lower temperature difference. At water removal efficiencies below 90%, liquid mechanically
pumped loop cooling is again the preferred method. Furthermore, the use of purified water in the evaporative
cooling cycle forbids the use of aluminium radiators, as uncoated aluminium tubes can contaminate the condensing
de-ionised water. [88]. Usage of e.g. stainless steel radiators would increase system mass. Concluding, evaporative
cooling shows great potential but more research is required, as the disadvantages might outweigh the benefits.

2.4.2. Coolant Selection

Although an ethylene-glycol based water solution (water-eglycol for short) remains a widely used coolant, ongoing
research aims to identify potentially more suitable alternatives. A notable limitation of water-eglycol is its freezing
point of -37°C for a 50/50 mixture [noauthor_ethylene_nodate].

At the typical cruising altitude of regional aircraft (25,000 ft), the International Standard Atmosphere (ISA)
temperature is approximately -35°C, which is too close to the freezing point of water-eglycol 50/50. Furthermore,
this coolant exhibits significantly increased viscosity at temperatures below zero, becoming 22 times more viscous
than water at 20°C when reaching -17.8°C [101]. The risk of freezing makes water-eglycol 50/50 less attractive,
although this can be counteracted with e.g. battery powered heaters. To decrease the freezing point of water-eglycol,
the mixture fraction of ethylene-glycol can be increased, but this increases viscosity at lower temperatures further,
and the specific heat coefficient is reduced [102].

Consequently, exploration of alternative coolants is necessary. Building on a systematic approach that is used at
NLR [91] for the selection of suitable coolants (e.g. Galden HT80, Methanol, Ammonia) across various cooling
techniques, several mixtures of water-eglycol are added [103]. The approach is based on a "Figure of Merit",
which incorporates coolant properties from the NIST Reference Fluid Thermodynamic and Transport Properties
(REFPROP) database [104].

For the Figure of Merit calculation of coolants for a liquid mechanically pumped loop, the pressure drop is important.
This can be determined by [91]:
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In this equation,
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1/4
. # is a fluid dependant part.
. dlLTM is a geometry dependant part.
7/4

. ﬁ is determined by the heat input and sensible temperature difference of the fluid.

For a liquid mechanically pumped loop three Figures of Merit are important [91]:

* Minimal pressure drop in the system, which is the inverse of the fluid dependant part of the pressure drop.
This is important as it determines maximum length and minimum diameter of the tubing [93]:

1
w i)

* Minimal required pump power, which is obtained through a small pressure drop and a low volume flow
rate:

Map = (2.8)

pic

Mpump = —77— 77 (2.9)

ty / (Ple )

* Minimal size of the accumulator. The accumulator is quite a large part of the total mass of a liquid
mechanically pumped loop. The figure of merit for accumulator size is based on the operational temperature
range.

PI at Tax

PI at Tmin — PI at Tax

Maccu =

(2.10)

These three Figures of Merit can be averaged, creating Myyeighted- Additionally, the following criteria should be
kept in mind [93, 103]:

¢ Operating pressure should be close to the fuel cell pressure, to limit structural stresses inside the cells.

¢ The critical temperature Tt should be < —40°C, which is the EASA requirement for cold restart [105]. This
prevents freezing of the coolant.

e NFPA (National Fire Protection Association) rating should not be too large for early generation retrofit aircraft
[106]. The NFPA rates the coolants flammability, stability, and the impact on health.

¢ The global warming potential of the coolant should be GWP < 150. This is expressed as the equivalent effect
of 1 kg CO;. Therefore, often used coolants such as R134a are not considered, as their use is prohibited in
new vehicles by the European commission, having a global warming potential GWP >150 that of CO; [107].
While there are replacements for high-GWP refrigerants like R1233ZD(E), it is likely that in the future only
use of natural coolants such as Methanol will be permitted.

2.4.3. Heat Rejection

As mentioned before, a regional hydrogen fuel cell aircraft requires up to 4MW of power. If a fuel cell is 50%
efficient, 4AMW of heat will need to be rejected from the system. This section discusses several approaches to reach
this objective.

Ram Air Duct with Radiator

Ambient air cools removes waste heat by flowing over a skin heat exchanger (HX) or through an air-to-air or
air-to-liquid HX. In aircraft systems that require more heat dissipation a ram air duct is often implemented. A
puller fan can be used to increase airflow during ground operation [108].

Schiltgen and Freeman (2016) proposed a tube-and-fin radiator placed inside a ram air duct to provide up to 1.49
MW cooling power at top of climb [109]. Their design incorporates the Meredith effect to reduce cooling drag and
increase heat rejection [110].
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Figure 2.20: Ram air duct design with radiator to provide 1.5 MW cooling power. Reproduced from Schiltgen and Freeman (2016)
[109]

The Meredith effect is essentially an open Brayton cycle, but only works as the inflowing air has significant speed.
First the air is compressed in the diffuser due to the ram air effect. Then, the air is heated by flowing through
the radiator and expanded and accelerated through the nozzle. From this acceleration a small portion of thrust
can be generated [110]. The P-51 Mustang, a bomber used by the Americans during World War II, was one of the
first aircraft to effectively exploit this effect, achieving a few hundred pounds of thrust and significantly lowering
cooling drag [111]. In literature Meredith effect is mainly employed to cool piston engine [112]. Figure 2.21 shows
how the P-51’s cooling duct was designed.

o P-51 MUSTANG COOLING DUCT

Figure 2.21: P-51 Mustang ram air cooling duct. Reproduced from [111, 113].

Kozulovic (2020) argues that if a fuel cell system would be installed on a A320neo or B737MAX with propulsive
power of about 10 MW, the required radiator would increase power demand by 23.7%. Also in his design, the
Meredith effect is exploited to reduce the cooling drag [114].

To improve heat transfer, the radiator can be placed under an angle, as a larger frontal area can be attained without
a significant increase in pressure drop. This is true up to an air inflow angle of 70 degrees. After that, pressure drop
increases significantly due to flow separation, as was found in experiments by NACA in 1942 [115] and Henriksson
et al. (2015) [116]. This effect is visualized in Figure 2.22.
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Figure 2.22: Static pressure drop as a function of heat transfer for a 19mm thick HX. Reproduced from Henriksson et al. (2015)
[116].

Rietdijk and Selier (2024) present results of a feasibility study for a retrofit of a widely used regional aircraft, a
DHC-8 Q300, with a LH2FCE propulsion system [10]. In the publication, they argue that four ram air ducts with a
radiator under an angle of 65° will be able to dissipate all fuel cell heat effectively, given an air mass flow for the
minimum control speed of the aircraft. They make a rough estimate of the cooling drag by assuming that the ducts
increase the zero-lift drag coeffcient proportional to the increase in frontal area of the aircraft. The design of the
cooling ducts is shown in Figure 2.23.
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Figure 2.23: Positioning of the ram air ducts in the DHC-8 q300 retrofit with a LH2FCE propulsion system. Reproduced from
Rietdijk and Selier (2024) [10].

Beltrame et al. argue that the Meredith effect can be achieved during cruise by integrating an inclined radiator in a
ram air duct [18]. They simulate a ram air duct housing a condenser with a heat rejection of 740 kW. The duct
design is visualized in Figure 2.24.
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Figure 2.24: Velocity contour inside the optimized ram air duct. Reproduced from Beltrame et al. [18]

Results of a sensitivity analysis by Beltrame et al. on TR (thrust-to-drag ratio) are shown in Figure 2.25. Varied
input parameters are the diffuser area ratio AR, the pre-diffusion mass flow ratio MFR and the heat exchanger

inflow angle 6. With the condenser under an angle of 6 = 70°, AR of 4.0 and MFR = 0.6 a TR of at least 1.05
should be possible.
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Figure 2.25: Ram air duct sensitivity analysis on radiator angle 6, diffuser area ratio AR, mass flow ratio MFR, and thrust ratio
TR. Reproduced from Beltrame et al. [18]

An upcoming technology to replace state of the art fin and tube radiators are microtube or microchannel radiators.
These have some advantages, according to Mezzotechnologies [117]:

® A reduction in air pressure drop of 30-40% compared to state of the art fin and tube radiators.

¢ Placing many microtubes enhances mixing of the flow inside the radiator due to the vortices (von Karman
vortex street), resulting in improved heat transfer. Usually, the boundary layer growth of air between the
tubes decreases the heat transfer coefficient.

¢ More surface area for heat rejection is available due to tubes having a smaller diameter and the significant
increase in amount of tubes.

¢ Higher damage resistance than state of the art radiators (cracking of tubes instead of buckling of the entire
assembly).

Overall, this would result in lower weight and less drag. Still, manufacturing requires more effort. While there
is no existing literature to supports these claims, these microtube radiators are adopted in the high performance

automotive racing and military industry [117]. The difference between tube-fin (in this case folded tube-louver fin)
and microtube HX is illustrated in Figure 2.26.
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Figure 2.26: Cross sectional view of a folded tube-louver fin HX and bare-tube HX (comparable to microtube HX). Reproduced
from [118].

Fan Heat Exchangers

Cranfield Aerospace Solutions employs a different methodology than a ram air duct. They are placing two ducted
fans with radiators inside underneath the nacelle as can be seen in Figure 2.27. A round duct is more efficient
than a rectangular one. Moreover, it is more suitable for integration with a fan. If air flow through the radiator is
insufficient, this fan could be turned on. Kellermann et al. (2021) argue that a ram air inlet design with small puller
propeller can be exploited to reach steady-state cooling requirements on a hot-day take-off. This was designed for a
180-passenger hybrid-electric aircraft. If the puller fan is omitted the thermal management system is oversized and
fuel burn increases by 0.29% [119].

Figure 2.27: Cranfield Aerospace Solutions (CAES) design for a hydrogen fuel cell commuter aircraft. Two ducted fan radiators
are placed under each nacelle. Reproduced from [120, 121]

Hydrogen Heat Exchanger

While hydrogen combustion requires high GH> injection pressures, the pressure in the tank may be sufficient to
deliver the LH> to the fuel cell at the required temperature and pressure, eliminating the need for heavy cryogenic
pumps [122]. The LH; needs to be vaporized and heated to 60 — 80°C for operation in a LT-PEMFC. For this, fuel
cell waste heat could be exploited in a hydrogen heat exchanger (H2HX). This increases ngha¢t by 11.4% according
to De Boer (2024, unpublished) [15].

A risk that arises in a H2HX is freezing of the heat transfer fluid used to heat the hydrogen stream. Brenk et al.
(2021) argue that in a shell-and-tube LNG heater, freezing of the heat transfer fluid in the shell can be allowed to a
certain extent, without affecting pressure drop. Minimal impact on pressure drop was observed by optimizing
the size and spacing of the tubes in the shell. The geometry is shown in Figure 2.28. However, the saturation
temperature of LNG, consisting mostly of methane, at p=3 bar is higher than LH, (126.7K vs. 24.7K [123]). Also,
the purpose is only related to re-gasification and not heating, as in the H2HX. Differences in overall heat transfer
coefficient complicate comparison of the H2HX with the results in the study by Brenk et al. [124].
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Figure 2.28: Modeled geometries of the shell-and-tube LNG heat exchanger reproduced from Brenk et al. (2021) [124].

Alternatively, to lower the risk of freezing, the coolant can be fed through a single tube, with auxiliary electrical
heaters placed around the H2HX, powered by a battery. An illustration of such a heat exchanger concept is shown
in Appendix B.1. The auxiliary heaters can be employed during start-up of the engine or in case of freezing of the
heat transfer fluid (e.g. during re-start in cruise flight) [122]. A battery may be required in any case to assist with
high transient power demands that the LT-PEMFC cannot deliver on its own [57]. In case of heat transfer fluid
freezing during a re-start scenario, other methods to prevent freezing may be to increase coolant mass flow rate by
increasing pump speed or partial closure of the radiator inside the ram air duct [122].

Skin Heat Exchangers

While Ahlers (2011) states that skin or surface HXs have less cooling potential than heat exchangers in ram air
ducts [108], this is an emerging technique to reject heat to the environment. Instead of ingesting air into a duct,
resulting in momentum loss and additional drag, the to-be-cooled coolant is in direct contact with the skin of
the aircraft, which is in turn in contact with the ambient. Skin HXs have been used since the early days of flight,
when piston-powered aircraft had strict cooling requirements. With the rise of turbine powered aircraft, skin HXs
became less common as much of the heat is effectively rejected into the environment. Recent studies into skin HX
include the combined use with ice-protection systems [125]. Aside from ice-protection, Wang et al. (1999) found
that heating the boundary layer on the wing surface can result in earlier transition of the flow [126]. On the other
hand, Kallath et al. (2020) found that heating the flow can reduce drag and increase lift by a few percent at an
optimal combination of Reynolds number, angle of attack, HX location and heat flux magnitude [127].

A recent example of skin HX employment is that aboard the Airbus A320, where it is used to reject heat from the
avionics cooling system, as shown in Figure 2.29.

Skin heat
exchanger flow
channel

Figure 2.29: Skin heat exchanger system to reject heat from avionics, similar to that used in the Airbus A320 [125].

Considering all Airbus A320 surfaces, up to 7MW of cooling power is available during cruise, according to
Kellermann et al. (2020) [128]. However, there is no mention of the added weight that skin HXs would have on
the considered aircraft surfaces: the fuselage, wings, nacelles and horizontal /vertical tails. Also, during hot day
take-off (Tympient = 47°C) only 0.25 MW is available at most.

Recent developments investigate the implementation of loop-heat pipes for de-icing, a two-phase heat transfer
system efficient over long distances [129]. However, given that heat transfer rates for de-icing systems of up to 8
KW /m? are required [130], and the wings of a DHC-8 Q300 have a surface area of 56.1 m? [10], maximum required
heat flux is significant (561 kW, 11% of total cooling demand). When other aircraft surfaces are considered, the
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potential for heat rejection increases.

However, Schaefer et al. (2022) used CFD and Aircraft Systems Design tools to demonstrate the drawbacks of the
added mass of skin HXs in LH2FCE aircraft [131]. They simulated two concepts: In Concept 1, heat rejection is
divided between ram air HXs and skin HXs (see Figure 2.30), leading to a total HX mass of 1126 kg. In concept
2, all heat rejection was managed by ram air HXs, significantly reducing HX mass to 215 kg. Maximum power
levels were comparable to regional aircraft (3.65MW), while cruise altitude was slightly higher, increasing the
temperature difference with the environment. While concept 2 has a slightly larger drag penalty, fuel mass is
increased much more in concept 1 (5%) than in concept 2 (1%), due to the increased system mass. However, the
skin HX tube material was aluminium material, while in the design by Su et al. (2017) [129], lighter composite
materials are implemented. However, there is no mention for the mass of the skin HX system in this study. In
conclusion, although skin HXs offer potential for integration with de-icing systems, the significant mass penalty
from the associated tubing makes this technique less attractive.

Skin Heat Exchanger
Coolent Pump

' Main Heat
\ Exchanger
Propulsion Motor Storage Tank

Converter Fuel Cell

Figure 2.30: Illustration of the cooling architecture for Concept 1 in the study by Schaefer, with skin HX and ram air HX
accounting for the required heat rejection [131].

2.4.4. Thermal Management System: Key Takeaways and Research Questions

From literature research on thermal management in fuel cell powered systems, the following considerations arise:

Thermal Management System: Key Takeaways

® Thermal management based on a liquid mechanically pumped loop chosen for the propulsion system model.
Air cooling is discarded as it is only suitable low power fuel cells. Two-phase cooling is excluded as well, due
to challenges with low heat flux, requirements for temperature uniformity and low technology readiness level.
Evaporative cooling shows potential, but more research is required as the disadvantages might outweigh the
benefits, and is therefore not considered in this work.

® Ram air ducts with radiators may be used for heat rejection from the thermal managenement system. Efficient
ram air duct design can result in net zero drag and even a small amount of thrust.

* While microtube HX may provide improved heat transfer over tube-fin HX and enable weight savings, existing
literature lacks conclusive evidence to support this claim.

¢ Employment of fan HXs decreases fuel burn by a negligible amount (0.29%) and thus this solution is not modeled.

* While usage of skin HXs in combination with de-icing systems shows potential (11% of the cooling demand), the
significant mass penalty from the associated tubing makes this technique less attractive. In recent studies, skin
HXSs partially made of composites are mentioned, but exact mass estimates are not mentioned. Therefore skin
HXs are not included in the modeled propulsion system.

® Heat rejection through a hydrogen heat exchanger (H2HX), thereby evaporating and heating the LH) is included
among the investigated solutions, as a significant amount of the total heat can be rejected in such a system.

® As there are numerous ways to prevent freezing inside the thermal management system due to cryogenic
hydrogen or cold outside air, this aspect is not considering critical to be included in the preliminary design of the
LH2FCE propulsion system.
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Thermal Management System: Research Questions

¢ "To what extent does ram air duct design affect payload and range?"
¢ "To what extent can a hydrogen heat exchanger be employed to reject heat from the thermal management system?"
¢ "To what extent can a small amount of thrust be generated from the ram air duct?"
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2.5. Hydrogen Storage System

While hydrogen has about 4 times more energy per mass than kerosene, it has an extremely low volumetric energy
density. This makes storage difficult, especially in aircraft. Storing hydrogen at ambient pressure requires about
500 fuselages for a Boeing 777-200ER. Hydrogen can be compressed to about 700 bar, as is done in the automotive
industry (e.g. in the Toyota Mirai [132]), but this storage method still requires one full Boeing 777-200ER fuselage.
The analogy here does not take into account aircraft design changes to accommodate for weight and volume
changes but gives an idea how bulky the hydrogen tank can be [12].

Hydrogen can also be cooled to the liquid state (T =~ 20K), reducing the required volume by a factor 2, but these
tanks require dedicated vacuum-insulation to limit boil-off of the liquid, increasing weight of the tank. An important
metric when selecting storage method is the gravimetric efficiency:

FM

== 2.11
FM + Miank ( )

Ngr
Whereas gravimetric efficiency of gaseous hydrogen (GH>) tanks is currently <10%, liquid hydrogen (LH,) may
reach values of over 50%, making storage of hydrogen as a cryogenic liquid the best option [12].

2.5.1. Liquid Hydrogen Storage

It is uncertain what a realistic gravimetric efficiency (7gr) is for LH; tanks aboard aircraft. Below ngy ~ 55%,
hydrogen performs slightly worse than kerosene in regional flights and significantly worse for longer flights.
For values large than 1gr = 55%, hydrogen outperforms kerosene and the advantage increases with range. As
preliminary gravimetric efficiencies of LH, tanks range between 25-40%, with extreme predictions reaching up to
70%, some argue hydrogen propulsion only fits lower range aircraft while others argue it gets even more attractive
for longer range aircraft [12]. This is visualized in Figure 2.31.
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Figure 2.31: LH> tank gravimetric efficiency is an important metric for the feasibility in regional, medium and long range aircraft.
Medium and long range become feasible around the tipping point of 71¢, ~ 55%. Reproduced from Adler and Martins (2023) [12].

In literature, LH, storage designs in aircraft often include large forward and/or aft integral tanks in the fuselage,
meaning the fuselage is lengthened compared to kerosene aircraft, or a compromise on the number of passengers is
made. Some concepts are shown in Figure 2.32.

STATICGRD LINE [
219 FT o

PO AR L TANER /7—[ & y x\ i A
Bl - p e o \// i
- E ~ = | Nmi— &
< &

Figure 2.32: Different integral tank concepts. Reproduced from Brewer (1976) x2 [133], Cryoplane report [42] and Troelstch et al.
(2020) [134].

Onorato et al. (2022) argue that large integral tanks in the front and back of regional aircraft enable weight savings,
but that their suitability in aircraft has yet to be demonstrated [13]. Integral tanks carry additional structural loads
of the fuselage, so comparison with non-integral in terms of gravimetric efficiency is difficult. For regional aircraft,
these integral tanks will compromise on number of passengers and TRL is low.
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Alternatively, wing-pods offer a solution, although it’s important to note that this may increase drag [135]. Also,
wing pods can cause ground clearance issues, but they can be swapped for larger ones when a longer range is
needed and vice-versa [136].

An important advantage of storing kerosene in the wings is the fact that the bending moment caused by lift is
counteracted by the weight of the fuel, enabling structural weight savings. In accordance with that consideration,
Friedmann et al. (2023) designed high-pressure load bearing gaseous hydrogen tanks inside the wings. However,
these tanks only reach ngr = 5 — 6% [137].

Currently, only non-integral tanks have been built, which are easier to model as well [12]. Also, as envisioned by
Universal Hydrogen, non-integral tanks can be modular [9]. Conceptual designs for early generations of regional
retrofitted aircraft by Universal Hydrogen and Conscious Aerospace are shown in Figures 2.33 and 2.34, showing
multiple smaller tanks. Rietdijk and Selier report for their retrofitted aircraft that a gravimetric efficiency of
Ngr = 23% is currently feasible [10]. Rietdijk and Selier mention a fuel weight of 340 kg, for which gravimetric
efficiencies of integral tanks can reach up to 35%, according to Saias et al. (2022) [138]. When the metal walls in
the vacuum-insulated integral tanks are replaced by composites, a ngr = 61% can be feasible, according to the
Aerospace Technology Institute [139].
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Figure 2.33: Regional aircraft concept by Universal Figure 2.34: Regional aircraft concept by Conscious
Hydrogen. Reproduced from Adler and Martins ~ Aerospace. Reproduced from Conscious Aerospace
(2023) [12]. [140].

2.5.2. Tank Pressure Regulation

Pressure inside the fuel tank drops as LHj is drawn from it, so a pressure regulation device is essential. While in
larger vertical tanks LH; could be drawn from the tank, heated and partly re-injected in the upper part of the tank,
this pressure differential is too small for horizontal mobile tanks. Rather, electric heaters can be integrated inside
the tank [141]. Boer et al. (2021) also implement this technique in their LHj-based fuel cell system on the HYDRA-2
drone, by placing a polyimide heating element on the outside surface of the inner vessel in the vacuum jacket. They
argue that a heater is required as passive heat leak from the tank is smaller than the heat needed to pressurize the
tank [142]. However, Michel (1998) argues that electric heating elements have two disadvantages [141]. Electrical
power is consumed from a battery, adding battery weight and replacement of defect cables inside the vacuum jacket
lead to high repair costs. Instead, the most robust technique is to return a controlled amount of the heated gaseous
hydrogen through the tank in enclosed tubing by means of a pressure controlled valve. The liquid hydrogen is
heated using fuel cell waste heat through cooling water in a heat exchanger. The returned hydrogen gas can be
heated again using fuel cell waste heat. Both tank pressure regulation techniques are visualized in Figure 2.36.
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Figure 2.35: Pressurization by electric heating. Reproduced from Boer et al. Figure 2.36: Pressurization by warm gas return.
(2021) [142] Reproduced from Michel (1998) [141]
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2.5.3. Hydrogen Storage System: Key Takeaways

From literature research on the hydrogen storage system, the following key takeaways emerge:

Hydrogen Supply and Storage System: Key Takeaways

¢ A tank gravimetric efficiency of 23% is assumed to determine the mass of the liquid hydrogen storage system,
based on an approximated fuel mass mostly based on cruise flight.

¢ The effects of gravimetric efficiencies up to 61% can be included in technology projections for 2030, assuming
integral tanks made of composite materials.

¢ Although tank pressure regulation is essential, appropriate systems are presumably integrated in current
non-integral hydrogen tanks. Therefore, this aspect is not investigated in the present work.

® Although tank volume has a large effect on payload space, a detailed design would be required to determine the
integration in the aircraft.
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2.6. Powertrain

The powertrain in LH2FCE aircraft includes:

e A propeller to convert shaft power to thrust.
¢ Electric motors to convert electric power from the fuel cells to shaft power.
¢ Inverters to convert DC power from the fuel cells to AC power.

And may include:

¢ A gearbox when propeller rotational speed is smaller than rotational speed of the electric motors.
¢ A battery to assist with high transient loads that the fuel cell cannot deliver.

Considering the publication by Quillet et al. (2021), propellers for regional turboprop aircraft, in this case a DHC-8
Q300 are quite efficient, reaching efficiencies up to 84% [87]. Cowlings are often placed directly behind the propeller,
taking up a small portion of the air for engine cooling or for use in piston engines. However, placing objects behind
the propeller such as large ram air ducts (see Section 2.4.3) might result in partial blockage of the propeller wake,
decreasing thrust [19]. On the other hand, the propeller increases the mass flow through the ram air duct, which
may be important in take-off conditions at recuded air velocity. Figure 2.37 highlights the size of the ram air duct
compared to the propeller diameter, even though the test propeller is smaller than the original.

Figure 2.37: Propeller size compared to ram air duct size (left) for the Universal Hydrogen test aircraft [143].

The use of electric motors results in increased efficiency compared to piston and turbine engines, with current
electric motors having more than 30% higher specific power [144]. Recently, researchers at MiT developed a 1 MW
air-cooled electric motor for aviation, featuring a specific power of 17 kW /kg, efficiency of 97.3% with a rotational
speed of 12,500 rpm [145] (see Figure 2.38). This motor assembly includes an air-cooled heat sink. Specific power
may increase to 23 kW /kg by 2030 [146].
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Figure 2.38: High power density electric motor developed by researchers at MiT [145].

Also, inverters and gearboxes are very efficient, having efficiencies of n ~ 98% [144]. Still, heat dissipation for
electrical motors, converters, power electronics, batteries is at least one order of magnitude higher than conventional
propulsion aircraft systems, requiring adequate cooling methods, according to Affonso et al. (2022) [147].

With powertrain cooling posing a challenge, the next generation of superconducting electric motors with cold
power electronics might present a solution. Use could be made of cryogenic hydrogen to reject the heat to, while
conditioning the fuel for further use [148]. Figure 2.39 highlights the use of cryogenic hydrogen to this purpose.
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Two projects where such superconducting motors are being developed are Airbus ASCEND [149] and Rolls-Royce
ASuMED [150], but technology is still in an early development phase.
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Figure 2.39: Liquid hydrogen as a means to provide cooling to superconducting electric motors and cold power electronics (CPE)
in an aircraft [148].

Including a battery next to the fuel cell system may be required to cope with large power load transients [57]. Also,
start-up processes might require the use of electric heaters to evaporate and preheat the hydrogen before its use, as
waste heat is not yet available from the fuel cell. Also, electric heat from a battery may be required for freezing
prevention in for instance a hydrogen heat exchanger (see Section 2.4.3) [16].

2.6.1. Powertrain: Key Takeaways

From the literature research on powertrain concepts, the following considerations are made:

Powertrain: Key Takeaways

¢ Detailed modeling of powertrain components is out of scope. To determine shaft power, the following efficiencies
can be used:

— Electric motor efficiency ngm = 97.3%.
— Gearbox efficiency ngg = 98%
- Inverter efficiency nmny = 98%

® Since power electronics are very efficient, the corresponding cooling requirements are neglected in this research.
A specific electric motor power of 17 kW /kg (including a air-cooled heat sink) can be used for current generation
retrofits, and 23 kW /kg for 2030 projections.

® While batteries may be required in a LH2FCE aircraft, a full mission analysis and detailed fuel cell design would

be required to determine peak loads. It is therefore assumed that all power is provided by the fuel cell system.

The mass of inverters and power electronics is neglected.

The feasibility of installing a large ram air duct behind a propeller is not investigated, as detailed flow analysis is

required.
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2.7. Research Questions

Considering the literature study, the following main research question is posed for this study:

Main research question

"How are payload and range affected when retrofitting a turboprop aircraft with a liquid hydrogen fuel cell electric
propulsion system?"

The main research question shall be addressed by answering the following sub-questions, which were introduced
in the previous literature sections:

Research Sub-questions

¢ "What modifications to the baseline mission can improve payload and range?"

¢ "To what extent does implementation of a HT-PEM fuel cell improve payload and range, when considering the
increase in operating temperature?"

"How do payload and range improve based on technology projections for 2030?"

"To what extent do fuel cell operational parameters affect payload and range?"

"What operating conditions are affecting the preliminary design of a fuel cell balance-of-plant?"

"To what extent can the addition of a turbine enhance payload and range?"

"To what extent does ram air duct design affect payload and range?"

"To what extent can a hydrogen heat exchanger be employed to reject heat from the thermal management system?"
"To what extent can a small amount of thrust be generated from the ram air duct?"




Methodology

To address the proposed research questions, it is essential to develop a model that can perform a preliminary design
and assess the effects on payload and range of liquid hydrogen fuel cell electric (LH2FCE) aircraft. First of all, in
Section 3.1 a reference aircraft is presented, as well as mission scenarios. Furthermore, it is explained how impact
on payload and range are quantified.

Then in Section 3.2 the modeling strategy is presented. Afterwards, the ram air duct model (RAD), fuel cell system
model (FCS), air supply system model (ASS) and thermal management system model (TMS) are discussed in
Sections 3.3 to 3.6.

3.1. Mission Parameters

The DHC-8 Q300 is chosen as a reference aircraft (see Figure 3.1). This is the same aircraft as in the HAPSS retrofit
project by Luchtvaart in Transitie [10].

Figure 3.1: Reference Aircraft, the DHC-8 Q300, adapted from [151].

When designing and sizing fuel cell balance-of-plant architectures, it is important to consider the worst-case
scenarios during operation. These include the following conditions:

¢ Hot-day conditions, which is at ISA +30°C [10]. This is a constraining condition as the thermal management
system will struggle to dissipate heat with a smaller temperature difference between the coolant and the
ambient.

¢ Take-off conditions. The aircraft will be at its maximum weight, while also requiring high power levels to
reach the required take-off velocity. Also, the air velocity is small, limiting air mass flow in the radiator and
decreasing heat rejection.

¢ Top-of-climb. Air density will be smallest, while required power levels are still high to maintain the required
rate of climb (1000 ft/min or 5 m/s for the final climb phase [152]). With lower air density, the compressor
will struggle to elevate the air pressure, increasing required total fuel cell power. However, the radiator will
struggle less to reject heat than in take-off, as air velocity is higher and ambient temperature lower.

Comparing preliminary designs for these mission conditions will determine for which scenario the system must be
sized. After evaluating optimal on-design points for the limiting mission scenario, the system can be tested in
off-design conditions. This includes cruise conditions, as the required fuel flow impacts the range and fuel mass in
cruise.

Based on the original mission for the DHC-8 Q300 aircraft, altitude and velocity can be determined [152]. Using the
drag polar of the aircraft [87], corresponding power settings (Pghaft, Pnet, FC) are determined with the support of
experts at NLR [153], using the NLR in-house MASS tool [154]. The mission input parameters to the model are
presented in Table 3.1.

33
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Table 3.1: Mission parameters.

Parameter Take-off Top-of-climb Cruise
Altitude (h) Om 7620 m 7620 m
Temperature (ISA +30°C) (T) 45°C -4.53°C -4.53°C
Pressure (p) 101325 Pa 34712 Pa 34712 Pa
Density (p) 1.1095 kg/m® 04502 kg/m?®  0.4502 kg/m3
Relative Humidity (¢bye]) 50% 50% 50%
Airspeed (TAS) 40m/s 128.6 m/s 128.6 m/s
Rate of climb (ROC) - 5m/s -

Fuel cell net output power (Ppet, FC) 3.1 MW 3.9 MW 3.50 MW
Shaft power (Pshatt) 2.90 MW 3.64 MW 3.27 MW

As can be seen, power required for top-of-climb is more than for take-off, so this might be the constraining design
point. Furthermore, the minimum control velocity is chosen as design point for take-off (40 m/s), which is by
regulation lower than the lift-off speed (56.6 m/s) [10]. Usually this is the minimum control speed in case one
engine fails, but this requirement is not analyzed in detail in this thesis.

3.11. Payload Calculation

To quantify payload it is assumed that:

* Maximum take-off mass (MTOM) is 19051 kg. While the original MTOM is 19501 kg, the maximum landing
mass (MLM) is assumed. In the event of immediate landing after take-off, a minor amount of fuel is used
and dumping of liquid hydrogen is considered unfeasible [10].

* LH; tank mass is dependent on fuel mass. A realistic gravimetric efficiency of 23% is assumed [10].

* Operational empty mass (OEM) excludes the original PW123 engine system (950 kg) and excludes kerosene
fuel system and tank mass, which is 5.5% of the MTOM [10]. This gives a specific power for the original
propulsion system of about 1.16 kW /kg.

¢ Propulsion system mass mpg includes the mass of the fuel cell, balance-of-plant components and powertrain
components.

For total fuel mass, the fuel required for cruise can be determined given the fuel flow in cruise and the cruise time.
The fuel mass for climb can be estimated by multiplying the average fuel flow between take-off and top-of-climb
with the time it takes to reach cruise altitude.

mHz,TO + 7/th,TOC ) (hcruise) (3.1)

My, climb = ( 5 ROC

It is assumed that next to the fuel required for cruise and climb, 10% of the overall fuel mass is consumed in other
mission phases than cruise 1, other- This percentage should have minor influence on payload, as hydrogen is a
lightweight fuel. The influence of the retrofitted propulsion system mass is expectedly much higher.

The MTOM breakdown of the original DHC-8 Q300 [155], the retrofit by Rietdijk and Selier (2024) and the mass
budget considered in this study is shown in Figure 3.2. Note that the design range for the original turboprop is 1500
km (see Section B.4), while this is lowered to 750 km by Rietdijk and Selier. This is thought to be a commercially
viable range for retrofits, probably due to increased payload and the consequent decrease in range. The fuel mass
for the original aircraft is based on fuel capacity at design payload and range (see Figure B.4). The max fuel capacity
is 2547 kg kerosene.
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Figure 3.2: MTOM breakdown of the original DHC-8 Q300 [155], the retrofit by Rietdijk and Selier (2024) [10] and the mass
budget for the model.

Note that the propulsion system budget includes fuel cell and balance-of-plant mass mpcpop, tank mass i, and
fuel mass mp,. The actual payload can then be determined according to:

Payload = MTOM — OEM — mpc BoP — Mtank — MH, cruise — MH,,climb — " H,,other (3.2)

Should the mass of the LH2FCE propulsion system be larger than the original, a compromise on payload is
necessary. Note that the space left for payload has to account for passengers, cargo, crew and some auxiliary
systems that are not included in the weight analysis, such as a battery, high-voltage inverters and tubing.

3.1.2. Range Calculation

To assess the effects on cruise range, the Breguet range equation is considered, modified for LH2FCE aircraft [156].
The Breguet range equation for propeller aircraft is:

Nprop 1 L Winitial
R = e =] I [ 3.3
8 PSFC ( D " Wfinal (33)

For reference, the maximum range of the original DHC-8 Q300 is up to 1707 km and the design range for the retrofit
by Rietdijk and Selier is 750 km, as shown in Figure 2.7.

Given that power-specific fuel consumption (PSFC) is based on shaft power and fuel flow:

Pghaft = PFC net * lpowertrain (3.4)
P

PSFC = —haft, (3.5)
I’I”IH2

the following relation between fuel mass mp, cruise and design range is obtained:

PRC net * Tpowertrain * Tlprop (L Wi cruise
Reruise = Y “In
cruise

g - 1y, D

Wi cruise — MH, cruise
where,

® PEC net is the net required fuel cell power in cruise flight, delivered to the powertrain.

* 7ptis the powertrain efficiency, including the electric motors, gearbox and inverters, which is estimated at
Npt = 95% - 97.3% - 98% [144].

® Tlprop 1S the propeller efficiency, estimated at 84% for the original propellers on the reference aircraft (see
Section 2.6)

* r1ity, is the fuel flow in cruise.

® Wi cruise is the mass of the aircraft at the start of cruise, estimated as Wj cruise = MTOM — mp, climp- [10]

To determine the L/D in cruise, the drag polar for the aircraft is required. In literature, two sources were found
mentioning a drag polar for the DHC-8 Q300, namely Rietdijk and Selier (2024) [10] and Quillet et al. (2021) [87]:
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Cp =Cp, +k-C} (3.6)
Cp, = 0.0248, k = 0.0319 [Rietdijk and Selier (2024)] 3.7)
Cp, = 0.0322, k = 0.0372 [Quillet et al. (2021)] (3.8)

The lift-to-drag ratio for different lift coefficients is determined according to:

CL
L/D = o (3.9)
The difference in drag polars and lift-to-drag ratio between the two sources is highlighted in Figure 3.3. The change
in drag polar and lift-to-drag ratio for the retrofit in [10] is shown as well, for which an increase of 5% to the
zero-lift-drag coefficient was assumed. This 5% increase in Cp, stems from the increase in frontal area due to
the addition of 4 ram air ducts, increasing parasite area. This assumption is probably optimistic, as ram air drag,
interference drag and propeller blockage are neglected (see Section 3.3 for more details).

1.5 20
1 o
15
05 T —DHC-8 Q300 (Rietdijk and Selier)
= Q10 ——DHC-8 Q300 (Quillet)
= 1 3 - - —Retrofit Rietdijk (2024)
0.5 >
A 0
0 0.05 0.1 0.15 0 0.5 1 1.5
Co [ Cr [
(a) Drag polar. (b) Lift-to-drag ratio.

Figure 3.3: Differences in estimated drag polar and L/D for the original (black, blue lines) and retrofitted DHC-8 Q300 (red line),
based on [10] and [87].

The maximum lift-to-drag ratio for the reference aircraft can be determined according to [10]:

L ) 1

— = — (3.10)
( D max 2\/ CDO -k
where Cp, is the zero-lift drag coefficient and K is the induced drag coefficient. Assuming Cy, cryise = 0.7 for
regional aircraft [153], lift-to-drag ratios are as shown in Table 3.2.

Table 3.2: Lift-to-drag ratios for the DHC-8 Q300 based on different sources.

Parameter [10] [87] Retrofitin [10]
L/Dcruise 17.33  13.88 16.81
L/Dmax 17.79  14.45 17.36

Rietdijk and Selier mention that their drag data is based on [157], where actually a L/ Dmax = 15.46 is shown instead
of 17.79. However, their data for L/D might actually originate from the manufacturer. Therefore, the required
power levels in this thesis, which are based on Quillet et al. [87], may be conservative. Quillet et al. base their drag
calculations on extrapolation of data in the original Aircraft Flight Manual of the DHC-8 Q300.
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3.2. Modeling Strategy

In this section, the modeling strategy will be presented. Since the objective is to develop a preliminary design and
off-design model, an object-oriented approach will be used in Matlab. As such, a steady-state lumped parameter
model suffices for design insights. Assumptions are grounded in validated studies and model components are
verified where possible (see Section 4).

An overview of the lumped parameter model is given in Subsection 3.2.1, the optimization strategy is presented in
Subsection 3.2.2, and general model limitations are discussed in Subsection 3.2.3.

3.2.1. Lumped Parameter Model Overview

In the literature study in chapter 2 several subsystems are discussed. Relations between these systems can be of
the electrical, fluid/gas, thermal or mechanical type. Figure 3.4 shows in a block diagram an overview of the
subsystems with corresponding relations. In this diagram:

® Solid blocks or lines represent subsystems or interactions included in the lumped parameter model.
¢ Dotted blocks or lines represent subsystems or interactions that are excluded from the lumped parameter

model.
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Excess water Air
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fm————————— e — Mechanical link
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Figure 3.4: Block diagram of the propulsion system.

The fuel cell system is the primary source of electrical power, converting hydrogen and oxygen into electricity, water,
and heat. It interacts with the Hydrogen Heat Exchanger (HX) for the hydrogen supply, the air supply system for
humid air supply, and exhaust gas and water outflow, the thermal management system for heat dissipation, and
the powertrain to deliver electrical power. Excess Hp can be recirculated using a control mechanism or vented.

The LH; storage system stores liquid hydrogen at cryogenic temperatures. It interacts with the hydrogen HX,
providing the hydrogen as a liquid at elevated pressure.

The hydrogen HX evaporates and heats the liquid hydrogen to desired input temperature and pressure for the fuel
cell system. Waste heat from the fuel cell system is delivered to the hydrogen HX by the thermal management
system.

The air supply system provides the necessary amount of humid pressurized air to the fuel cell system. Cooling from
the thermal management system is required as the ingested ambient air heats up significantly in the compressor.

Air is ingested into the air supply system via the ram air duct intake. The ram air slows down the air flow before
the radiator, possibly reducing overall duct drag by increasing temperature of the ram air and ejecting it through a
nozzle, while keeping pressure drop low.

Aside from heating the hydrogen HX, cooling the fuel cell system and cooling the air supply system, the thermal
management system is used to provide cooling to the battery and powertrain.

The powertrain consists of DC/AC inverters, a gearbox, electric motors, and other electrical components required to
convert power from the fuel cell and battery into mechanical rotation of the propshaft, in turn providing thrust to
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the aircraft. Part of the power is also provided to the air compressor and coolant pump.

The battery is necessary to assist the fuel cell system during fast transients, and to provide auxiliary heat to the
hydrogen HX during start-up and in the case of freezing issues with the cryogenic Hj.

3.2.2. Optimization Strategy

In this section the overall optimization strategy is discussed. Since the ram air ducts can significantly increase
aircraft drag, their frontal area should be minimized. As discussed in Section 3.3, the duct height will be fixed
according to the height of the nacelle, leaving the duct width Wy, .t as the primary design variable.

Optimization Wyt is based on iterative narrowing of the bounds with convergence checks. A design solution
converges when heat rejection from the system is sufficient. Between the bounds for Wyt a random guess is made.
If the design converges, this is the new upper bound (ub) and a guess of Wyt = (ub —1b)/2 is attempted. If a design
does not converge, the current Wy, is the new lower bound (Ib) and a a guess of Wyt = (ub + 1b)/2 is attempted.
This continues till the offset between the current guess and the upper bound is smaller than the tolerance.

While this approach can be more time-consuming than using e.g. fmincon, the fact that this optimization problem
has a double objective (minimizing Wyt and reaching design convergence) introduces complexities. With the
current method, no weights or penalties have to be adjusted until model performance is as desired. As such, this
optimization method is quite robust.

To visualize the optimization method put in place to minimize Wg,¢, an extended design structure matrix (XDSM)
architecture is constructed, according to guidelines of Lambe and Martins [158] in Figure 3.5. The optimization is of
Gauss-Seidel Multi-Disciplinary Analysis (MDA) type, where a number of analyses are computed in series until a
consistent set of state variables is returned by the MDA. The state variable of interest is the pressure drop in the heat
exchangers Appyx, namely in the radiator, intercooler and hydrogen heat exchanger. With guesses for Appx, first
the ram air duct (RAD) model is solved, giving as output the ram air properties. These ram air properties are then
used as input for the fuel cell system (FCS) and air supply system (ASS) analysis, determining the total fuel cell
power Prc tota]- With fuel cell power and efficiency ngc known, coolant properties can be determined, including
a temperature target Tc target- This target is derived from the fuel cell coolant inlet temperature, and includes a
margin for the coolant temperature difference in the intercooler.

After sizing the heat exchangers using fmincon, the actual temperature out of the radiator T¢ 4ctyal is known. While
the volume of the radiator is fixed according to the ram air duct width (see Section 3.3), the fins and tubes are
optimized to minimize the absolute error:

€T. = |Tc,actual - Tc,target' (3.11)

The optimization constraint is that this error e, requires to be smaller than a convergence tolerance. Given Wyt
and the error et,, the optimizer makes a choice for the next iteration. Table 3.3 summarizes the optimization
tolerances.

Table 3.3: Error Tolerances

Parameter Value Units
HX Pressure Drop Convergence Tolerance, cap 1x1071 Pa
Fuel cell Power Convergence Tolerance, CPgc 1x107! Y
Coolant Temperature Convergence Tolerance, cr, 1x107! K
Average Velocity in HX Convergence Tolerance, Cug pix 1x107* m/s
Duct Width Convergence Tolerance, e, 1x1072 m
Fixed Optimization Step Size 1x1072 -
Max Iterations 20 -
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Figure 3.5: XDSM (eXtended Design Structure Matrix) architecture of the optimization strategy devised for Wy, and the

preliminary sizing of the system.

3.2.3. General Model Limitations

When modeling complex systems, making assumptions always introduces limitations. The general limitations of
the preliminary design model are highlighted below:

The model is limited to steady state analysis. Transient analysis would allow for better fuel flow estimates,
thereby affecting range. Payload is then again affected by a change in fuel mass and mostly tank mass. Also,
a battery can be sized for fast transients.

A worst case scenario that is currently not assessed is restart in cold conditions. The freezing point of
water-eglycol 40/60 is significantly lower than water (-52.80°C), but as temperature drops below 0°C viscosity
increases to more than 20 times that of water (Section 2.4.2). A dynamic analysis could highlight the response
time required to restart engines in case of a fall-out. Potentially, battery mass must be increased to provide
electric heating.

Systems such as a battery, high-voltage electronics, control valves and tubing are not included in the
preliminary sizing. Therefore, the payload budget includes the weight of these components and not only
that for passengers, cargo and crew.

Currently the point of mininum control velocity is regarded as most demanding during take-off for power
and thermal management, based on expert knowledge at NLR. Potentially, the thermal management system
might run into problems at start-up and lower speeds, requiring additional components such as fans or
variable air intakes.

The model is of the lumped parameter type, meaning properties inside components are averaged values
between in- and outlet.

Optimization tolerances are taken relatively broad to reduce simulation time of the preliminary sizing
process.
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3.3. Ram Air Duct Modeling

The ram air duct is a component necessary to house the radiator. In this model, it is assumed that per nacelle
there are 2 ducts on each side. If designed carefully, the ram air duct can offset the additional drag by providing a
small amount of thrust through the Meredith effect (see section 2.4.3). The station numbering and ram air duct
components are visualized in Figure 3.6.

Propeller

A4

|z| Radiator

Figure 3.6: Ram air duct components and station numbering.

It is argued by Rietdijk and Selier (2024) that for radiators angled at 65° a straight ram air duct of 0.61x0.4m is
necessary, increasing frontal area by 5% [10]. While in their study an ideal radiator is assumed, in this work the
more realistic effectiveness-NTU method is implemented (see Section 3.6.5). As a result, when the effectiveness is
less than a 100%, the radiator dimensions or flow rates in the radiator must be increased to maintain the overall
heat flux. Therefore, the frontal area of the aircraft might be increased by more than 5%. For comparison purposes,
initially it is assumed that the diffuser inlet and outlet area are equal, as in the paper by Rietdijk and Selier. Ata
later stage, this so-called diffuser area ratio AR could potentially be increased to generate a small amount of thrust.

Another factor of influence is the propeller in front of the ram air duct. This causes a velocity increase in the ram air
duct from the free-stream conditions. This increase in velocity can be modelled by simple propeller equations [159]:

Pghaft - Npro
FT:”u—pp IN]

2-F
ve= fu b — 2P
Pambient Aprop

where nprop is assumed to be 0.84 (Quillet et al. [87]). Shaft power Pgp,¢ can be determined using the net required
fuel cell output power for each mission scenario (Section 3.1) and the efficiencies for electric motors, gearboxes and
inverters, as discussed in Section 2.6.

Realistically, not all air is ingested into the ram air duct inlet. The ratio between the actual ingested air and the air
that would be ingested if streamlines were straight, can be called the Mass Flow Ratio MFR. The non-ingested air
contributes to spillage drag, decreasing the L/D of the aircraft. Beltrame et al. argue that a mass flow ratio between
0.6-0.7 results in the smallest spillage drag [18]. However, given that the outside air is not modeled in detail, and
that the propeller makes complicates the flow at the ram air duct inlet, a MFR = 1.0 is assumed for simplicity.

While a detailed drag analysis of the ram air ducts is not included, a rough estimate can be made. Two methods are
considered. With the first one, the zero-lift-drag coefficient increases according to the increase in frontal area [10].
The parasite drag is directly affected by the area increase factor fq,t, according to:

Cp =Cpy * fauct + k- Cf (3.12)
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This may be a very optimistic estimate, since the nacelle is assumed to be streamlined, while multiple components
of drag are neglected as well as propeller blockage (see 3.3.1).

Alternatively, ram air thrust can be computed, resulting in drag when negative. With the assumption that AR =1,
the air velocity in the radiator remains high, causing a significant pressure drop. Therefore, the likelihood of some
thrust generation seems small. This hypothesis can be verified by assuming an ideal nozzle, and determining the
exit velocity. Thrust is then computed according to [159]:

FT duct = Titram air (Mexit — Ueo) (3.13)

The exit velocity from the nozzle can be determined given the static-to-total pressure ratio between stations 5 and 6,
and the total temperature at station 5.

y-1
0,6 7
lexit = chpnj : (1 - 7;—5 ) (3.14)

When the ram air ducts generate thrust in steady flight, propeller thrust may be decreased. On the other hand,
additional thrust is required when the ducts generate drag. Although the potential in-/decrease in thrust is
included in the model, an indication can be made in terms of the overall thrust ratio OTR:

F T,ducts

OIR = (3.15)

F T ,aircraft

Note that this is different from the definition in Beltrame et al. (2024) [18], where TR is defined as the ratio between
ram air thrust and gross drag.

In steady symmetric flight, thrust is approximately equal to the drag if the small angle approximation is used for
the angle of attack, i.e. T = D [160]. This means that:

1 1
T=D-= CDo Epambientugos +k- C%Epambientugos (3-16)

Assuming that the ram air ducts thrust only has effect on the parasite or zero-lift drag and not on the lift-induced
drag (second term in Equation 3.16), yields the following:

F T,ducts

ACp, = - (3.17)

%pambientugos '
where S = 56.1 m?, according to Rietdijk and Selier [10].

To model the ram air duct, the following assumptions are implemented:

e AR = 1.0. For preliminary sizing of the ram air duct, it is assumed that the diffuser is straight up to the
radiator. Possibly, at a later stage, the area ratio can be increased up to AR = 3.8, which is the optimal diffuser
area ratio for small thrust generation, according to Beltrame et al. [18].

e 0 =70°. This heat exchanger tilt angle maximizes air inflow area, while having small additional pressure
drop due to air flow direction change [18]. Beyond this angle pressure drop increases drastically. The
pressure drop is assumed to be 15% larger due to the inclination of the radiator, derived from Figure A.1.

¢ MFR = 1.0. Streamlines do not in front of around the inlet.

¢ The diffuser is assumed to have no losses. The length of the diffuser is therefore not modelled.

® The length of the radiator is assumed to be 65% of Wy, derived from Figure 2.24. Note that duct width is
assumed equal to the diffuser outlet width. The radiators are angled into the nacelle.

¢ The duct height is fixed to Hyyct = 0.61 m, which is the available space next to the nacelle of the DHC-8 Q300
aircraft [10] (see Appendix B.3 as well).

¢ The radiators orientation is rotated 90° compared to the publication by Rietdijk and Selier, [10]. Also the ram
air duct is assumed to be integrated partly in the nacelle. As such, a slightly larger frontal area is obtained,
while minimizing duct width.

e The wall thickness ¢4yt of the duct is assumed as 2 mm [161], with as material Aluminum 2024-T3, often
used for fuselage and wing skins.

® The length of the duct Ly is assumed as 4.22 m, according to Figure 2.23.
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Figure 3.7: Ram air duct integration in the nacelle and duct width.

The parametrization for the ram air duct model and integrated radiator is shown in Figure 3.8. The width of the
radiator is directly determined by 0,

Winlet

Figure 3.8: Ram air duct parametrization

The mass of the ducts can be estimated, using the geometrical and material assumptions, as:

Mduct = PAlu 2024-T3 * Lducttduct - (Hduct + 2Wauct) (3.18)

For further details on calculation of thermodynamic properties of the air inside the ram air duct, see Appendix A.1.

3.3.1. Ram Air Duct Model Limitations

The following factors, which may affect the influence of the ram air duct on drag and thrust of the aircraft
significantly, are left out of consideration:

Spillage drag . This is consistent with the assumption of no external diffusion, i.e. a the mass flow ratio
MEFR = 1. It is uncertain whether this assumption is valid during all mission phases, affecting drag, required
power and range.

The effect of air inflow angle. This changes during flight, increasing spillage drag.

The effects on drag and thrust of the ram air intakes being in the propeller streamtube is not considered.
Spillage drag might be increased and increased propeller blockage can lead to reduced thrust. Also, the
mass flow through the ducts may be lower than anticipated, as the ideal propeller downstream velocity may
not be fully achieved by the time the air reaches the ram air duct inlet. During cruise, the air velocity increase
behind the propeller is approximately 6

Interference drag of the ram air ducts with the nacelle and wing is not considered.

Skin friction drag of the duct panels is not considered.

Also, the adverse effects of drag during take-off and top-of-climb, possibly increasing required power, are
not assessed.

Losses in the diffuser and nozzle due to boundary layers are neglected and uniform velocity is assumed. In
Section 4.1 it is assessed to what extent this assumption is valid.
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3.4. Fuel Cell System Modeling

Since the objective of this thesis is not to perform a preliminary design of the fuel cell, but of the balance-of-plant,
data from a recent fuel cell model publication is implemented [17]. It provides the most complete data for optimal
fuel cell temperature, pressure, current density and air excess ratio, validated for the largest fuel cell (ElringKlinger
NMS5 300) and air supply system testbed documented in literature [17]. Nevertheless, the reported power (65 kW) is
still an order of magnitude smaller than that considered in this thesis.

The fuel cell is assumed to operate at a uniform temperature. As all inlet streams (air and hydrogen) will quickly
reach this operating temperature upon entering the fuel cell, the temperature of the inlet streams is modeled
equal to the stack operating temperature. While in the reference model, the dew point of the inlet air is 65°C
(Figure 2.15), it is assumed that the inlet air has 98% relative humidity at the fuel cell’s operating temperature. This
simplifies the modeling of humidification. Furthermore, relative humidity is interpolated according to the black
line representing the reference model data in Figure 3.9. As such, a relationship between fuel cell temperature,
reactant inlet temperature, fuel cell pressure and relative humidity is obtained, for an air excess ratio of A4y = 1.7,
as shown in Figure 3.9
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Figure 3.9: Modelled fuel cell inlet temperature, pressure and relative humidity.

Furthermore, data from Figure 2.13 is inter-/extrapolated to generate the data maps shown in Figure 3.10,
highlighting the relation between current density ipc, pressure prc and cell voltage U,.¢. The data map for power
density P/A is obtained by realizing that:

P/A = Uy - ipc  [W/cm?] (3.19)

In the data maps, the "+’ signs represent the original data from the publication by Schréter (2023). Stack voltage
and current are converted to cell voltage and current density using the fact that the number of plates is 300 and the
active area is 190cm?.
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Figure 3.10: Performance maps of the ElringKlinger NM5 300 fuel cell, adapted from Schréter (2023) [17]. Adapted data points
are shown as '+’ signs, while the contours represent the interpolated data.

Fuel cell efficiency is defined by:

Ucell
FC = 77 (3.20)
1 Uref
where the reference cell voltage of U,¢ = 1.23V, as in the publication by Schréter [17]. This value corresponds to
the higher heating value (HHV) of hydrogen. As such, it is assumed that the water vapor in the exit air condenses,
providing a more realistic measure of fuel cell efficiency than when using the LHV [14].

Mass flows of the reactants and products inside the fuel cell are determined taking the LHV of hydrogen, after
which mass flow of the other species is determined from the stoichiometry in the fuel cell reaction equation.

2H, + Oy = 2H,0 (3.21)
. Prc

== 22
"2 = TV, nrc 422

. _ mHzMOZ
o, = M, (3.23)

m02(1 - fOz)

My, = —————— 3.24
N f 0,Mo,MNn, ( )
Tair = /\air(mOz + mNz) (3~25)

) Mo,
TiH,0 = 5 + itk (3.26)

Where ritx represents the mass flow of species X in kg/s, Prc the DC power delivered by the fuel cell, Mx the
molar mass of species X in g/mole, fo, the fraction of oxygen in air and A, the air excess ratio.

For calculation of the relative humidity exiting the fuel cell, i1, o is added to the mass fraction of water already
present in the flow. Specific calculations for relative humidity can be found in Section 3.5.4.

Total available fuel cell power Pgc is determined by taking into account the net power Prc net delivered to the
powertrain for thrust, and power required for the compressor Pcomp. As discussed in section 3.6.3, required pump
power is negligible compared to the other factors. Other ancillary systems requiring electrical power are also
considered to require negligible amounts of power. That gives:

Prc = PrC net + Peomp (3.27)

Active plate area and fuel cell mass are determined according to [17]. The mass is based on linear extrapolation of
the ElringKlinger NM5 stack.
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(3.28)

mpc = - Apclkg] (3:29)

The workflow diagram for the fuel cell system is shown in Figure 3.11.

Ram Air Duct Fuel Cell Stack

Determine ram air Guess Fuel Cell Determine air Determi
properties in Ram mass flows and properties in Air etermine Size Fuel Cell Stack
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Air Duct power Supply System
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1
Fuel Cell Stack i Air Supply System
1

Figure 3.11: Fuel cell system workflow diagram.

3.4.1. Fuel Cell System Model Limitations
The limitations to the fuel cell system model are highlighted below.

® The assumption that the air and hydrogen fuel cell inlet temperatures are approximately valid due to rapid
heat transfer within the fuel cell neglects any transient effects or temperature differences in the inlet streams.
As a result, the intercooler needs to cool down the air stream less (to the fuel cell temperature instead of to
65°C), reducing its size. Also, humidifier size increases, as air temperature is higher (70-90°C) and more
water has to be added to reach 98% humidity.

* The mass of the fuel cell system is based on linear extrapolation of the ElringKlinger NM5 stack data. This
fuel cell has a power output an order of magnitude lower than required (65 kW vs. approximately 2 MW).
While this fuel cell has relatively high power density at 2.4 kW /kg, compared to current state of the art, larger
specific powers might be possible in the near future.

* Hydrogen is assumed to be available at the desired pressure in the fuel cell (equal pressure as the air), as it is
stored at about pressure 4 bar. Also, it is currently assumed that the fuel cell data accounts for all losses in
the fuel cell, with the input fuel and air entirely reacting.
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3.5. Air Supply System Modeling

A general overview of the air supply system is shown in Figure 3.12. Air is assumed to enter via the ram air
duct, eliminating the need for an additional inlet on the engine nacelle. Just after the diffuser, air is filtered.
Before entering the fuel cell, the air needs to be compressed, especially at altitude as air pressure drops. As air is
compressed in the compressor, internal energy and temperature rise, causing a drop in relative humidity and a
temperature too high for its use in the fuel cell. For this reason, an intercooler and humidifier are added. As water
is produced in the fuel cell, the humidified air can be re-used in the humidifier to make the incoming dry air wet,
before being ejected through the nozzle to the environment. Part of the electricity generated by the fuel cell is used
to power the compressor. In the following subsections, the models of the various components are discussed in
detail.

Fuel Cell

Air Filter / —

Air E .
w_‘_/ el Air + Water

Ram Air Duct

Figure 3.12: Diagram of the air supply system.

A workflow diagram for calculation of the air properties in the air supply system is shown in Figure 3.13. Note that
sizing of the intercooler can be done only after sizing the thermal management system, as discussed in Section 3.6.

1 ' 1
i ' i

Air Filter | Compressor Intercooler [ Humidifier : Fuel Cell
i ' i

Determine air Determine Determine air Determine air Determine air Determine air
properties after Air P properties after properties after properties after properties after
Filter P B Compressor Intercooler Humidifier Fuel Cell

Size Intercooler

Figure 3.13: Air supply system workflow diagram.

3.5.1. Air Filter Modeling

The air intake of the the air supply system can be placed in the ram air duct after the diffuser. This eliminates the
need for additional inlets on the nacelle. Air inlet pressure losses are neglected. Before entering the compressor, air
needs to be properly filtered to not damage the fuel cell membrane. One of the few fuel cell grade off-the-shelf air
filters are manufactured by Freudenberg [162]. Data for these filters is shown in Figure 3.14.
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Figure 3.14: Off-the-shelf air filter data

It is assumed that pressure drop can be extrapolated based on data for the largest air filter, which is rated for up to
1.25e4 LPM. For a fuel cell available power output of 2MW (half the aircraft), with efficiency of about 50%, the
required mass flow of air is about 2 kg/s =~ 2e6 LPM at the cruise design point 3.1, according to equation 3.25. It is
assumed that multiple of these filters are in parallel, only increasing required area and not filter thickness. As such,
the pressure drop is kept small with Apgjjier =520 Pa at the maximum expected power in top-of-climb conditions.

The mass of the filter is estimated using the following relation [68]:

Miter = 6 [kg/(kg/s)] - titair (3.30)

3.5.2. Compressor Modeling

As discussed in Section 2.3.5, a centrifugal compressor is the preferred choice for the air supply system due to
its high performance in applications with smaller air flows. It is assumed that one single-stage compressor per
nacelle is required. A low-fidelity approach is chosen for the compressor, based on polytropic efficiency definition,
which is often used in centrifugal compressor modelling [163]. Compressor efficiency and pressure ratio also
vary with on ingested mass flow and rotational speed, but this is neglected. Polytropic efficiency is particularly
useful for modeling single stage efficiency, as it is consistent with the actual compression process trajectory in an
enthalpy-entropy (h — s) diagram, as shown in Figure 3.15.

A

h , P 2
h, /
2y //Polytropic
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>
) ) S

Figure 3.15: Different efficiency definitions for centrifugal compressors.

By knowing the inlet pressure of the compressor, and setting the required outlet pressure equal to the fuel cell
inlet pressure minus the losses in the intercooler and humidifier, the required power of the compressor can be
determined.

First, the pressure ratio  and isentropic outlet temperature T; ;s are determined.
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p= ot (3.31)
Ptin
E
Ttoutis = Ttin* B 7 (3.32)

In reality, the temperature increase will be non-isentropic, adding to the temperature increase. Polytropic efficiencies
of close to 1)po1y = 90% are feasible for high efficiency centrifugal compressors [164]. However, the compressor will
have to operate in a wide range of conditions, due to differences in air mass flow and pressure across different
mission phases. Therefore a more conservative value of Npoly = 80% is assumed. According to Cohen et al. (1973),
polytropic efficiency relates to isentropic compressor efficiency as,

=1
ﬁcgm -1
M = —p— (333)
Yol
ﬁcor}r)q;y -1

From this, actual enthalpy and temperature at the compressor outlet (hout, Tt,out) and compressor power Peomp are
determined according to:

houtis = Cp - Tt out,is (3.34)
B — B
hout = —22 0 4 (3.35)
Mis

_ hout

Tt ,out = C (3.36)
4

Peomp = (hout = hin) - 1itair (3.37)

To compare mass flow rates between different operating conditions, corrected mass flow is usually computed:

Tet Pt

_ret 3.38
T Pref ( )

ticorr = Mair
In cruise, pressure ratios up to 6-7 can be required from the compressor, depending on the fuel cell pressure setting.
With estimated mass flow per compressor of up to 2 kg/s (see Section 3.5.1), this means that such a compressor can
operate in the transonic regime. This is based on a paper by Zangeneh et al. [165], in which a centrifugal impeller is
designed for pressure ratios of 5-6 and a corrected mass flow of > 2 kg/s, which tip Mach numbers of M > 0.7.
Given a tip radius of 112 mm, a hub radius of 30 mm and a blade height at the exit of 8.7 mm, with material density
of 4430 kg/m?3 (Ti6Al4V), the mass of the impeller is about 1.3 kg. The impeller design is visualized in Figure 3.16.

Centrifugal compressor assemblies for fuel cells exist, but for much lower mass flow ratings, such as a compressor
by Fischer AG [166] (see Figure 3.17) It is rated for only 200 g/s and 32 kW, but the entire assembly is about 18 kg
for a impeller diameter of about 260 mm. Given that this is just larger than the transonic impeller described before,
the compressor mass is conservatively estimated at 30 kg.

Figure 3.16: Transonic impeller design Figure 3.17: 32 kW centrifugal compressor
by Zangeneh et al. [165]. assembly for fuel cells [166].
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3.5.3. Intercooler Modeling

From the literature study it became clear that air-to-air and liquid-to-air intercooling systems are both commonly
implemented in fuel cell air supply systems. Integrating the intercooler in the coolant cooling loop saves the
need for additional cooling air. Also, the coolant will have a larger thermal capacity and heat transfer coefficient
than ambient air. This will result in a much lighter intercooler design. Therefore a liquid-to-air intercooler is the
preferred choice.

The intercooler is modelled as a heat exchanger with tubes on the coolant side and rectangular fins on the air side.
The effectiveness-NTU method for unmixed-unmixed channels is implemented [167] (see Appendix A.2). The
intercooler is optimized using constrained gradient-based interior-point minimization (fmincon [168]). The objective
is to minimize |Toutair — Tt FCl, i-e. the outlet temperature of the air must be approximately the fuel cell temperature.
A tolerance of 0.1 K is considered acceptable to reach the objective. The optimization settings are as follows:

Table 3.4: Intercooler Optimization Settings

Setting Value
Algorithm Interior-Point
Function Tolerance 0.1
Optimality Tolerance 0.1

Step Tolerance 0.02

Furthermore, to decrease the simulation time of the duct width optimization problem (see Section 3.2.2), the coolant
temperature at the intercooler inlet is assumed to be at a constant delta T below the fuel cell temperature. The
maximum heat flow in the intercooler is estimated at

Qic = maircp,airATair = 200kW, (3.39)
where,

® 1it,ir is estimated to be 2 kg /s at most (see Section 3.5.1
* Cpair = 1000]/(kg K
e AT, =100 K.

Using an estimated coolant mass flow 11, =60 kg/s per engine and Cp,c = 3300]/(kg/K) (see Section 3.6.1), ATc
can be approximated at

AT. = —I£ -1k (3.40)

Conservatively, AT = 2K is assumed.

Figure 3.18 shows the parametrization of the intercooler model. The five design variables are the heat exchanger
height H, width W, length L, fin height ks and fin spacing dg,s. Bounds for these design variables are introduced
in Section 5.2. Fin thickness fg,s and tube thickness t,pe are assumed constant at 0.15 mm, common dimensions
in heat exchanger manufacturing [118]. Tube diameter ¢, can be optimized to minimize pressure drop while
maximizing heat transfer coefficient, and is assumed to be at least 1.5 mm [118].

The number of sections, fins and tubes are determined according to the following geometrical relations:

H
Nsections = 3.41
sections 2hfins + dube + 2ttube ( )
L

Niubes = o * Nisections (3.42)

ube

2%

Nfins - Nisections (3.43)

dﬁns + tfing
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Figure 3.18: Intercooler parametrization.

The heat transfer coefficient and pressure drop in the tubes are modelled using equations in Appendix Section
A.3, and for the fin side in Appendix Section A.4. Since the properties inside the intercooler are based on average
properties between inlet and outlet, a few iterations are required to make 4 avg, pavg and Cp,avg converge. Note
that while all fins between sections are connected, the fin height is assumed as visualized in Figure 3.18. A workflow
diagram for the intercooler sizing method is shown in Appendix Section B.2.

The density of the Aluminium 3003 alloy, p = 2730 kg/m3, is used to determine the mass of the fins and tubes.
Since the nacelle of the DHC-8 Q300 is 0.8m wide, and the height is approximately 1.4, the dimensions of the
intercooler will be limited to 0.8x1.4x0.8m in length, width and height [10].

3.5.4. Humidifier Modeling

Given that the inlet relative humidity of the fuel cell should be near 100% for optimal performance (see Section
3.4), a humidifier is an essential component. Furthermore, the humid flow exiting the fuel cell can be reused
effectively. The humidifier increases the relative humidity to the desired inlet value of the fuel cell. The pressure
drop is assumed independent of the desired humidity. Also, the device is assumed adiabatic. To determine the
pressure drop, data from off-the-shelf humidifiers is used. The largest humidifier currently available is produced
by Fumatech, having a pressure drop of 8 kPa for a volume flow of V' = 5000 LPM [169].

The volume flow for the cruise mission point is several orders of magnitude larger, a rough estimation results
in V =200, 000 LPM (see Section 3.5.1). It is assumed for pressure drop and mass estimations that the required
amount of humidifiers is installed in parallel. This results in the same pressure drop of 8 kPa. For a mass estimation,
it is assumed that the surface area required for humidification increases with the square root of the volume flow,
while membrane thickness remains fixed. According to data by Fumatech humidifiers, the mass is estimated using:

6.2 kg .
Mhumidifier = \| 5000 TPM Vair (3.44)

To determine the relative humidity along the air supply system, first the partial pressure of water vapor in the air is
determined by:

PH,0 = ——, (3.45)

where py air is the saturation pressure of water vapor in the air and py 4i; is the total pressure. The saturation
pressure of water vapor in the air is determined using the Stull empirical relation valid from T = —17.25°C to
T =100°C [170].

(4.6543— 1435.264

Po,air = 10 rifitts) [bar] (3.46)

This relation of temperature and vapor pressure is shown in Figure 3.19 as well.
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Figure 3.19: Vapor pressure empirical relation from Stull (1947) [170].
Assuming the relative humidity of the outside air constant at ¢,] = 50% the mole fraction of water vapor xy,0,

molar mass of moist air Mmoist air and mass fraction of water vapor wy,o can be determined. wy,o remains
constant unless water is added. This gives the following relations:

_ Prel
tzO - 100 szO (347)
Mmoist air = YH,0MH,0 + 1- XHZO)Mair (3.48)
XH,0 - MH,0
W0 = (3:49)
moist air

3.5.5. Air Supply System Model Limitations

This section highlights the limitations of the air supply system model.

¢ Air inlet and tubing pressure losses are not modelled, as system layout is unknown in a preliminary design
stage. Increased pressure loss might impact the required pressure ratio by the compressor.

¢ Compressor efficiency is assumed constant. In reality, the compressor can have decreased performance in
different operating regimes, especially when operation at different pressure ratios and mass flow is required.

® The mass of the humidifier is based on an increase in humidification membrane area due to increased volume
flow, scaling with the square of volume flow per mass. However, the order of magnitude is much larger than
the reference off-the-shelf component, potentially resulting in under- or overestimations.
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3.6. Thermal Management System Modeling

A general overview of the thermal management system (TMS) for one engine is shown in Figure 3.20. Most of the
heat needs to be removed from the fuel cell (O(2 MW)), while a smaller amount of air needs to be cooled in the
intercooler (O(200 kW) in cruise). Some of the heat can be rejected by heating and evaporating the hydrogen in the
H2HX (O(100 kW)), while the rest of the heat has to be rejected in the radiators (O(1 MW) per radiator).

Liquid Hydrogen Tanks

Fuel Cell

— J
‘\
Intercooler

Compressed hot
air

Ram Air Duct

Radiator

Radiator 2
ﬂ Air +

Figure 3.20: Diagram of the thermal management system

The H2HX is placed before the radiator, such that coolant temperature is highest to minimize the risk of freezing
due to system malfunctioning. The coolant mass flow is split between the radiators in two ram air ducts on either
side of the nacelle. The coolant flow then recombines to cool compressed hot air in an intercooler, before entering
the fuel cell. The pump is placed downstream of the fuel cell to lower the coolant pressure between the membranes,
lowering mechanical stresses. In the following subsections, the modeling methodology for each component is
discussed in more detail.

The addition of an accumulator to the thermal management system is neglected, as well as coolant tubing. Both
are assumed to have minimal impact on system mass compared to the main system components. In a two-phase
cooling system, the impact of an accumulator would be much larger, due to the difference between phase densities.

A workflow diagram of the TMS model is shown in Figure 3.21. First, temperature increase and heat flux in the
intercooler are estimated, based on a coolant mass flow rate guess. Then, the required coolant mass flow rate in the
fuel cell is determined, and coolant temperature difference in the intercooler is iterated based on the new mass flow
rate. Afterwards, the pump pressure rise is updated from the pressure drop guesses in the components, which are
iterated within the overall solver (see Figure 3.5). After determining the temperature differences in the H2HX and
radiator, the average temperatures and specific heat coefficients in the components are iterated. Lastly, the radiator
can be sized.

' '
' '
Intercooler ! Fuel Cell 1
' '

Pump H2HX Radiator
Determine Determine Ap¢ .
Guess rityr, ATic and Tig using Qpc and required by the Detexlnune Alyanx Determine Size Radiator
b ATFC pump using Quanx AT adiator
Update ¢ Update T,yp and Cp avg

Figure 3.21: Thermal management system workflow diagram.
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3.6.1. Coolant Selection

Table 3.5 shows the four best performing cooling fluids and their properties, based on criteria introduced in Section
2.4.2. The coolant properties are modeled using a software called REFPROP, which has a built-in function for
Matlab [123]. This analysis was done for a heat load of Q = 4 MW, which is near the estimated worst case scenario
for the entire aircraft, assuming npc = 50% (see Section 3.1).

Table 3.5: Comparison of different fluids and their properties.

Fluid Name Water-Eglycol 50/50 Water-Eglycol 40/60 Methanol Ethanol
Pmin, system [bar] 7.81x 1071 7.06 X 1071 3.52 2.23

Tiripte [°Cl -36.80 -52.80 97.39 -114.00
Terit [°C] 399.96 405.79 240.38 241.71

Cp [KJ/(kg K)] 347 3.31 2.96 2.95

o1 [kg/m3] 1479.00 1479.00 732.98 735.15

u; [Pas] 1.76 x 1073 2.04 x 1073 2.75x 1074 431x107%
ki [W/(m K)] 0.461 0.419 0.190 0.154

CTE [UK] 6.59 x 1074 6.63x 107 1.43x 1073 1.36 x 1073
1 [kg/s] 115.33 120.69 134.97 135.78

V [Lis] 77.98 81.60 184.14 184.69
diupe [mm] 172.70 176.20 203.20 203.60
NFPA Health 2 2 1 1

NFPA Flammability | 1 1 3 3

NFPA Stability 0 0 0 0

Mpump 1.91 1.66 1.00 0.88
Maccumulator 3.11 2.82 1.00 1.09

My 0.62 0.59 1.00 0.95
Mueighted 1.88 1.69 1.00 0.97

While water-eglycol 50/50 has the highest Myeighted, its critical temperature Tcrit is very close to the ambient
temperature at cruise altitude for regional aircraft. Methanol and Ethanol could provide a solution to this, but these
fluids have a lower Myeighted, relatively high NFPA rating and a minimum operating pressure above desirable fuel
cell pressures (1.25 - 2.5 bar).

Therefore, water-eglycol 40/60 presents the best characteristics, with acceptable critical temperature, high figure of
merit, low minimum operating pressure and low NFPA. Increasing the mass fraction of Ethylene-Glycol further is
not recommended due to increased viscosity (see Section 2.4.2) and smaller Myeighted- The GWP of Ethylene-Glycol
is not more than 10 times that of CO5 [171].

3.6.2. Fuel Cell Thermal Modeling

From a thermal perspective, the fuel cell is modelled as a device from which a certain amount of heat Qpc has to be
removed, depending only on fuel cell power and efficiency as discussed in Section 3.4. Total heat is then equal to:

Qrc = Prc (L - 1) (3.50)
1FC

All heat is assumed to be produced within the fuel cell due to the chemical reactions. As such, the assumption
is made that products and reactants do not carry in or out any heat. Removal of this heat is required for stable
operation. As discussed in Section 3.6.1, Water-Ethylene Glycol is selected as the liquid coolant having the best
Figure of Merit, in a 40%/60% ratio to lower the freezing point as much as possible.

Using the assumption from NLR experts that the coolant temperature rise in the fuel cell ATgc ( is generally in the
order 10 — 15K [98], the coolant mass flow 7z can be determined.

e = QFc

= 3.51
Cp ,cavg ATFC,C ( )

To estimate the coolant pressure drop across the fuel cell, an analytical approach is used. Using equations 3.50 and
3.51, with Ppc =2 MW, npc = 50%, ATgc e = 10K and Cp c,avg = 3310 ]/ (kg K), the coolant mass flow ri1c ~ 60 kg/s.
This is in line with the estimated mass flow rate in Section 3.6.1 for Ppc = 4 MW.

The coolant channels can be modeled as tubes of D = 0.5mm, based on data by Graf et al. (2018) [172]. Figure 3.22
shows a individual cells in a fuel cell stack, with coolant channels made from formed metal sheets.
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Figure 3.22: Cross-section of formed channels in fuel stack cells. Reproduced from Graf et al. (2018) [172]

Using the fact that the ElringKlinger NM5-300 fuel cell in Schréter (2023) [17] has a power output of 41 kW and
dimensions of 0.5 m?, Neejis ~ 15000 and the amount of tubes per cell is around 500. Mass flow per coolant tube is
then 7. type = 0.05 kg/s

With water-eglycol 40/60 at T = 90°C and p = 3 bar, pressure drop can be estimated using conservation of mass
and the equations presented in Appendix A.3. Implementing a conservative factor of 2 on the pressure drop,

Aprc =20,000 Pa (3.52)

Although very conservative, the same pressure drop is assumed for the humid air side channels within the fuel cell.
Temperature and pressure are approximately equal and water content is formed on the cathode side, having similar
density as water-eglycol 40/60.

3.6.3. Pump Modeling

The pump is modelled as a simple device that provides the required pressure rise to the coolant without increasing
the temperature. This means that for the coolant the following equation holds.

APpump = Apic + Aprc + ApH2HX + APradiator (3.53)

The temperature rise in the pump can be assumed to be negligible. The first law of thermodynamics states that

Q + Win = 1t (hout — hin) (3.54)

Assuming an adiabatic pump, there is negligible heat transfer, i.e. Q =~ 0. Assuming incompressible liquid, the
enthalpy change can be written as:

Ap
Ah = > + CpAT (3.55)

Within the pump model, the temperature rise of water-eglycol 40/60 can be assumed negligible by doing a
simple calculation. Firstly, with the pressure drop in the fuel cell (Section 3.4), and an estimated pressure drop
in the other heat exchangers of 2000 Pa, a required pressure rise of Ap = 26000 Pa is estimated for the pump.
With p ~ 1000 kg/m? and cp =~ 3300]/(kg K) at T = 95°C and p = 3 bar for water-eglycol 40/60, the following
temperature rise AT is obtained:

Ap
AT ~ — =0.0079 K (3.56)
Pcp

A quick pump power estimate reveals that this does not have a significant impact on total fuel cell power. Assuming
an efficiency of = 0.8 and i1 = 121 kg /s (see Table 3.5):

mA
Ppump = P2 3.9 (357)
PN
While it is difficult to determine the mass of an aviation-grade pump for the TMS, a rough estimate can be made
using linear extrapolation. From industrial pump data provided by [103]:
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23kg .
mpump = m -V [LPM], (358)

where V is the volume flow of the coolant in liters per minute. The volume flow for the considered application can
be expected to be about 60 times larger, when taking into account V' in Table 3.5 for water-eglycol 400.

3.6.4. Hydrogen Heat Exchanger Modeling

The Hydrogen Heat Exchanger (H2HX) is modeled as a parallel tube heat exchanger using the effectiveness-NTU
method [167]. The equations are summarized in Appendix A.2. The coolant flows through a single larger tube, to
minimize the risk of ice formation (see section 2.4.3). The H2HX is optimized using constrained gradient-based
interior-point minimization (fmincon [168]). The objective is to minimize |Tout, 1, — T¢ Fcl, i-e. the outlet temperature
of the hydrogen must be approximately the fuel cell temperature. A tolerance of 0.1 K is considered acceptable. The
optimization settings are as follows:

Table 3.6: H2HX Optimization Settings

Setting Value
Algorithm Interior-Point
Function Tolerance 0.1
Optimality Tolerance 0.1

Step Tolerance 0.02

The geometry and parametrization are illustrated in Appendix B.1. The model makes use of average properties for
the coolant between the inlet and outlet. From verification data provided by NLR [122], it was determined that the
length of the HX required to evaporate the hydrogen is less than 3% of the total length. As a result, this evaporative
section is excluded from the model but added back into the total HX length afterwards.

Hydrogen properties are modeled using the 'PARAHYD’ option in REFPROP library [123]. When hydrogen is
cryogenic, the isomeric spin is in the "para’ state, as shown in Figure 3.23. It is assumed that the fluid does not have
sufficient time to convert a fraction to the ‘ortho’ state as it is evaporated and heated.
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Figure 3.23: Ortho-para hydrogen ratio as a function of temperature. Reproduced from [173].

To determine whether the hypothesis that a hydrogen pump is not required is valid (Section ??), simple fluid
dynamics are implemented. The hydrogen needs to be delivered at a pressure of 2.4 bar and a temperature of
90°C at maximum (see Section 3.4). To estimate the pressure drop of hydrogen from the tank to the fuel cell, the
length of the required tubing must be known. The hydrogen tanks are assumed to be located in the back of the
aircraft, whereas the fuel cells are located in the nacelle. Using Appendix B.3, this distance is estimated at 10m. To
determine the pressure drop in steady-state conditions, first the hydrogen mass flow rate ritp, must be estimated.
For this a required power of 2 MW (half of the aircraft), a fuel efficiency 1 = 50% and the lower heating value of
hydrogen LHV =~ 120 M]/kg, the fuel mass flow rate is:

, Qrc 2MW
m H, =

= THVy, e - 120MJ/kg 05 0.033kg/s (3.59)
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Conservatively, the mass flow is assumed to be 7itpy, = 0.04 kg/s. The inner diameter of the tube is assumed at
d = 100mm. In Appendix A.8 it was shown that for a Darcy friction factor ranging from 0.002 to 0.004, the expected
pressure drop across the tube would be approximately 1860 Pa to 3720 Pa. This shows that a hydrogen tank pressure
of approximately 2.5 bar is sufficient for delivery at p = 2.4 bar and T = 90°C a tube with L = 10m and d = 10cm.
Further modeling of the tubing from tank to H2HX to fuel cell is not included in this work, but it is assumed that
the hydrogen stream enters the H2HX as a saturated vapor at 4 bar.

Since the density of hydrogen decreases non-linearly with temperature, and the temperature inside the HX increases
logarithmically, using simple average properties for hydrogen is not sufficient. Instead, a logarithmic temperature
increase is simulated (see Figure 3.24) to calculate density-based average properties between the inlet and outlet,
using the average temperature (see Figure 3.25). This results in an average hydrogen density of pavg = 0.38 kg/ mS.
A workflow diagram of the H2HX sizing procedure is shown in Appendix Section B.2.
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Figure 3.24: Simulated logarithmic temperature increase of hydrogen. The red dotted line indicates the average temperature.
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Figure 3.25: Hydrogen properties as a function of the logarithmic temperature increase: Density p, dynamic viscosity u, specific
heat coefficient Cy,, thermal conductivity k, Prandtl Pr, bulk velocity . The red dotted line indicates the average temperature.

The mass of the heat exchanger is based on the Aluminium 3003 alloy, commonly used in heat exchangers. This
alloy has a material density p = 2730 kg/ m® and a thermal conductivity k = 190 W / (m K). Due to the high
thermal conductivity, the wall thermal resistance is assumed to be negligible in this model.

Since it may be desired to maximize the thermal power exchanged in the H2HX, the hydrogen needs to enter as a
liquid. Close integration with the liquid hydrogen tanks could allow the hydrogen to remain liquid until entering.
In preliminary designs for retrofitted aircraft, the non-integral fuel tanks are sometimes placed sideways (see Figure
2.33). For close integration of the H2ZHX with the tanks, the maximum length of the H2HX is assumed equal to the
cabin width of a DHC-8 Q300 fuselage (2.52m).
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3.6.5. Radiator Modeling

The radiator is modelled using the same methodology as the intercooler, as a cross-flow heat exchanger with fins
and tubes. The effectiveness-NTU method is implemented as well. However, the direction of heat transfer changes.
While the intercooler cools the hot air from the compressor, ram air cools the hotter coolant in the ram air duct. The
radiator is optimized using constrained gradient-based interior-point minimization (fmincon [168]). The objective is
to minimize Toyt,c, i.e. the outlet temperature of the coolant should be as low as possible. The optimization settings
are as follows:

Table 3.7: Radiator Optimization Settings

Setting Value
Algorithm Interior-Point
Optimality Tolerance 0.1

Step Tolerance 0.01

As discussed in Section 3.3, the the width and length of the radiator are fixed according to the size of the ram air
duct. The height is fixed at H,gdjator = 0.61m, according to the available space along the nacelle in the DHC-8 Q300.
This leaves only two design variables, as the same model as used for the intercooler is adopted: the fin height h,
and fin spacing dng. Since radiator performance has a large effect on the overall optimization problem of Wqyt,
the diameter of the tube dyp,e is added as design variable, allowing further optimization of the heat transfer area on
the tube side. Bounds for these design variables are introduced in Section 5.2. The workflow diagram of the sizing
procedure of the radiator is shown in Appendix Section B.2.

For illustrative purposes, the assumed orientation of the radiator alongside the nacelle of the DHC-8 Q300 is shown
in Figure 3.26. This orientation maximizes frontal area, as discussed in Section 3.3.

Figure 3.26: Orientation of the radiator in the ram air duct, alongside the nacelle of the DHC-8 Q300. Image adapted from [174].

3.6.6. Thermal Management System Model Limitations

The most important components of the thermal management system are included in the lumped parameter model,
but some limitations are introduced:

¢ The coolant temperature increase in the fuel cell is estimated based on knowledge from fuel cell testing at
NLR.

® Accumulator sizing is not included in the model. Generally, the impact on single-phase cooling system mass
is significantly smaller than for two-phase systems.

¢ Pressure loss in coolant tubing is neglected, since exact integration and placement of the systems cannot be
determined. This can result in an underestimation of pressure loss and required pump size. Also, heat loss
in the tubing is neglected.

¢ Not all properties of water-eglycol 40/60 can be determined by Refprop [123], the following ones have been
determined as mass average of the properties of the pure components in the blend: dynamic viscosity . and
thermal conductivity kc. Refprop can handle density pc, enthalpy Hc and specific heat capacity Cp c.

® Variations in hydrogen pressure during the aircrafts mission are neglected. As the liquid hydrogen is drawn
from the tank, supply pressure drops and temperature rises. However, pressure and temperature regulation
devices should be able to minimize such deviations.
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¢ Inreality a full vacuum around the LH2HX is probably not feasible, decreasing the thermal power transferred
to the hydrogen. However, close integration with the cryogenic tank might allow for increased system
efficiency.

¢ Hydrogen evaporation is not modeled in the H2HX, as the corresponding thermal power is estimated to be
small. To verify this assumption, the H2HX model results are compared with those of a more detailed model
using data from NLR (see Section 4.4.2).

¢ What happens in case of coolant freezing inside the H2HX is not modeled. Also, water-eglycol becomes
more viscous near its freezing point. Freezing prevention is especially important during start-up, restart and
shutdown, when coolant temperature can drop significantly below the fuel cell temperature. It is assumed
that this can be prevented by battery powered electric heaters, increasing pump speed or partially closing the
ram air HXs. The mass of the battery powered elecric heaters inside for example the H2HX is not modelled,
but its solid aluminium casing of 1.5 cm should account for the extra mass.

3.7. Powertrain Modeling

Although the Powertrain is not modeled, efficiencies for the electric motors, gearboxes and inverters can be assumed
from literature (see Section 2.6), and components masses can be estimated using simple relations. Mass of the
electric motors is estimated according to data presented by Andersen et al. (2023) [175]:

mem = 17kW /kg - Prc,DC * 1INV * TEM (3.60)
Where ngym = 0.973 and v = 0.98.

Additionally, the mass of the reduction gearbox can be estimated according to a relation presented by Pettes-Duler

et al. (2022) [176], assuming rpm;, = 12,500 for aviation grade electric motors [177], and rpm_,, = 1050 for the
propeller maximum rotational speed [87]:
0.75 0.15
_ P shaft rpmy,
mGp = (3.61)
IPM,¢ Ipmyy¢

An efficiency of ngr = 0.98 can be used to estimate Pgpaf;-

3.7.1. Powertrain Model Limitations

* Mass of inverters or other power electronics is not included. Also, battery weight is excluded, as it is difficult
to estimate required battery power from steady-state analysis. Transient analysis and reserve requirements
would be required to size a battery system.

¢ Cooling requirements of the powertrain components are not taken into account in the TMS sizing procedure,
as the powertrain is very efficient with a combined efficiency of npt = 0.906.



Verification & Validation

This chapter presents the verification and validation of the model components discussed in 3. Firstly, the ram air

duct model will be treated. Then follow the fuel cell system, air supply system, radiator, intercooler and hydrogen
heat exchanger (H2HX) models.

4.1. Ram Air Duct Model Verification

Using data from the publication by Beltrame et al. (2024) [18] for Mach number, velocity and total and static
temperature, the properties inside the ram air duct model can be verified. As described in Section 3.3, the ram
air duct model includes a flow velocity increase due to a propeller, and assumes that no pre-diffusion occurs.
Furthermore, the ram air duct is modeled only up to just before the radiator. To verify the model the following
modifications to the ram air duct model need to be implemented:

¢ Exclude the propeller.

¢ Include a pre-diffusion mass flow ratio of ri1g /111 = 0.7. This means that the Mach number before the inlet
(station 2) can be determined from:

ot _ o+l

M, y—=1_,\720-D ( y-1 2) 20-D
Mq) = = 1+ —M -Mp|l+ ——M 4.1
f( 1) firatio ( 5 1 0 5 0 (4.1)

The total ingested mass flow is then determined by:
A 1 \2em
tinor = —Pt2 X My (14 L2 ) 42)
VTip VR 2

¢ Change the mission parameters to My = 0.78 , 1 = 10,000m and Tigp = +15°C.

The comparison with the results from the lumped parameter model in the publication is illustrated in Figure 4.1.
See Appendix A.1 for more details.
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Figure 4.1: Verification of the ram air duct model against data from Beltrame et al. (2024) [18]

It can be concluded that the simplified ram air duct model shows good agreement with the Lumped Parameter
Model data in the publication. Only the static temperature Ty just before the radiator (station 4) is different, since
the radiator inlet temperature is assumed equal to the total temperature as air velocity is small.
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4.2. Fuel Cell System Model Verification

Since the fuel cell system model is directly based on experimental data and performance characteristics from a Fuel
Cell Stack described in a reputable publication (see Section 3.4), further verification using other fuel cell models is
deemed unnecessary. The model parameters and performance outputs have already been validated in the source
publication, providing a high level of confidence in their accuracy and applicability. As such, efforts in this study
are focused on system-level integration and optimization rather than re-verifying the fuel cell subsystem itself.

4.3. Air Supply System Model Verification

For the air supply system, verifying the correct modeling of the compressor is crucial, as it significantly impacts
system performance and results. In contrast, components such as the air filter and humidifier primarily contribute
to minor pressure drops, making their verification less critical for the overall analysis.

4.3.1. Compressor Model Validation

Important to note is that it is assumed that the compressor can operate at similar efficiency for all operating
conditions. In reality, the compressor should be sized for top-of-climb, as required power is highest, resulting in
higher air mass flow than other scenarios. Also, the required pressure ratio is larger at increased altitude, although
the same as in cruise, obviously.

To get insight in compressor performance in take-off, top-of-climb and cruise, various parameters are summarized
in Table 4.1. See Chapter 5 for more insight on sizing of the propulsion system for these mission phases.

Table 4.1: Compressor Performance Across Mission Phases

Parameter Take-off  Top-of-climb Cruise
Compressor power (Pcomp) 171 kW 438 kW 221 kW
Pressure ratio (Bcomp) 2.44 4.12 412
Air mass flow rate (rit4ir) 1.40kg/s 2.34kg/s 1.19kg/s
Corrected mass flow rate (ritcorr) 134 kg/s 1.12kg/s 0.55kg/s
Isentropic compressor efficiency (comp,is) 0.77 0.76 0.76
Temperature increase (AT) 119.6°C 182.4°C 182.4°C

As expected, required performance varies significantly between mission phases. Required mass flow in top-of-climb
is almost twice as high as during cruise for the same pressure ratio. In top-of-climb conditions, mass flow is 67%
higher than in take-off for a 69% increase in pressure ratio. The different pressure ratios result in a slight difference
in isentropic efficiency To verify whether operation under such conditions is possible, comparison with transonic
compressor data by Zangeneh et al. (2011) is done [165]. This reference is also used to estimate the mass of the
compressor. In Figure 4.2 pressure ratio and efficiency for corrected mass flow are shown.
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Figure 4.2: Compressor performance for different mission phases. Compressor maps are adapted from Zangeneh et al. (2011)
[165]. Optimal efficiency is indicated in green, while constant rpm is indicated in blue.

As can be seen, the compressor operating point falls outside of this compressor map in top-of-climb conditions.
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This highlights the challenges of compressor design. However, it should be possible to design a compressor with a
shifted compressor map, operating at similar rpm in all conditions (blue dotted line). This may potentially result in
optimal performance in top-of-climb, but compromised performance in cruise and take-off, as the optimal efficiency
line is usually in the middle of the map as indicated in green.

4.4. Thermal Managementent System Verification

Since lumped parameter models are developed for the Radiator, intercooler, and Hydrogen Heat Exchanger (H2HX),
their verification is essential to ensure accuracy and reliability. Conversely, the fuel cell and pump are not explicitly
modeled; their behavior is instead represented through simplified assumptions, making verification unnecessary.

4.4.1. Radiator and Intercooler Verification

The radiator and intercooler models use the same heat exchanger sizing methodology as described in Sections 3.6.5
and 3.5.3. The radiator component rejects heat of the coolant (water-eglycol 40/60) to the ram air inside the ram air
duct. The intercooler component cools air out of the compressor to the required fuel cell inlet temperature, while
heating the coolant.

The verification data is provided by NLR [103]. The heat exchanger model can be verified in terms of the following
parameters:

¢ Geometry: while height, width and length are inputs to the model, the number of sections, fins and tubes
should match with the verification data.

® Mass: the mass of the fins is provided in the verification data and can therefore be used for verification.

¢ Overall heat flux.

* Fin velocity ug fiys: the heat exchanger in the verification data is assumed to be in free-stream air, increasing
air pressure drop. For details, see Appendix A.5.

¢ Exit temperatures of the air and coolant.

Additionally, it can be checked for the following components whether they are within an acceptable range:

® Pressure drops should be within an acceptable range (Ap < 25,000 Pa), based on consultation with experts at
NLR [16].

¢ Heat transfer coefficients should be within expected ranges for air and the coolant [178]: 4 - 100 (W /(m2K))
for air in air-cooled heat exchangers and 1400 - 2000 (W /(m2K)) for cooling of liquids inside tubes.

® Reynolds numbers should be in the same regime, laminar in this case.

The specific model against which the data is verified uses a different approach:

¢ While the model in this thesis is based on the effectiveness-NTU method for heat exchangers [167], the NLR
model implements a CFD model [179].

¢ The fluid properties in the model for this thesis are averaged between in- and outlet of the heat exchanger,
while the NLR model computes properties on a 20x20 grid using a MacCormack discretization scheme [179].

The table below provides a comparison of the model results and NLR data [103]. Percentual deviations or limits
provide insight into the verification.

Table 4.2: Results of the verification exercise for the radiator/intercooler model

Parameter Actual  Expected Percentual Difference  Limits

Nsections 22 22 0% -

Nfins 7000 6999 0% -

Niubes 8800 Unknown - -

Miins [kg] 15.12 15 0.6% -

Qux [W/m?] 27.29 30 9.05% -

1o (Fins) 16.78 17.8 -5.7% -

Tc,out [K] 330.53 330.54 0% -

Thuid,out [K] 324.10 324.05 0% -

Apfiig [Pa] 683.80 - - <25,000 Pa

Apc [Pa] 14,536 - - <25,000 Pa

U [ W/m2K] 805 - - 50-10000 W/m?K
Upyig [W/m?K] | 61.10 - - 0.5-1000 W/m?K
Refid 2140 - - <2300 (Laminar flow)
Rec 92.6 - - <2300 (Laminar flow)
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As can be seen, expected heat flux is about 10% lower than in the reference Finned HX. Air velocity deviates about
5%, which also has effect on the pressure drop between the fins. Parameters for which no data is available are
within the acceptable range.

4.4.2. Hydrogen Heat Exchanger Verification

The Hydrogen Heat Exchanger (H2HX) methodology is described in Section 3.6.4. Inside the parallel tube heat
exchanger, liquid hydrogen is evaporated and heated to the fuel cell inlet temperature, while some of the fuel
cell waste heat can be rejected. While the heat transfer fluid (htf) is single-phase in this research, a two-phase
condensing heat transfer fluid is used in the verification exercise. Additional equations for this are described in
Section A.6. A workflow diagram of the calculation procedure is provided in Appendix Section B.2.

The H2HX model can be verified for the following parameters, with verification data provided by NLR [16].

¢ The mass of the fins is provided in the verication data.
e Qverall heat flux.
¢ Exit temperatures of the hydrogen and heat transfer fluid.

Additionally, it can be checked for the following components whether they are within an acceptable range:

® Pressure drops should be within an acceptable range (Ap < 25,000 Pa), based on consultation with experts at
NLR [16].

* Expected range of the heat transfer coefficient for the the condensing heat transfer fluid is: 2000 - 3000
(W/(m2K)) for condensing R1233ZD(E) [180]. However, heat transfer coefficients for cold gaseous hydrogen
could not be found in literature, so additional parameters determining the heat transfer coefficient are
presented in 4.3.

The model is verified using data provided by NLR. This data is generated using a different approach:

e While the model in this thesis is based on the effectiveness-NTU method for heat exchangers [167], the NLR
model uses a discretized grid. [16].

¢ While the model in this thesis uses averaged thermodynamic properties between the inlet and outlet to
calculate the heat exchanger parameters, the NLR model updates the thermodynamic properties at each grid
point.

Results of the verification are provided in Appendix Section B.1. As can be seen, the resulting heat exchanger
mass is about 30% less than in the verification data. This is due to a rough approximation of the geometry. While
the inside wall thickness is taken equal, outside geometry is roughly approximated and manifolds are neglected.
Regarding the heat transfer, this is 15% smaller than expected. This difference can partly be explained by the fact
that the heat required for evaporation of the hydrogen is not taken into account. In this case, the heat required for
evaporation is about 7.8% of the total heat, considering that the heat needed for evaporation is:

Ti’le = HIVAX (43)

The remaining 7.2% can be due to inaccuracies regarding fluid properties, versus the discretized model used in the
verification data.

The outlet temperature of the heat transfer fluid should remain that at the saturation point for a pressure of 3.9 bar.
The heat transfer fluid does not fully condensate, as the quality drops to about 0.1 and the pressure drop is about
zero. Also, the heat transfer fluid pressure drop is indeed minimal. Furthermore, the heat transfer coefficient of the
heat transfer fluid and pressure drops are within the expected range. The hydrogen gas heat transfer coefficient is
relatively large, compared to other gases such as air. While a common range for this heat transfer coefficient is hard
to determine, according to the equations in Appendix Section A.3, thermal convective properties of the gaseous
hydrogen are as shown in Table 4.3 for the average conditions in the H2HX.

Table 4.3: Hydrogen forced convection heat transfer properties

Average Properties Value
Bulk velocity up [m/s] 349
Tube diameter dypes [Mmm] 1.5
Nusselt number Nu [-] 28.3
Reynolds number Re [-] 8661
Thermal conductivity k [W/m/K] 0.13
Heat transfer coefficient U [W/ m2 / K] 2420
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4.5. Model Convergence

To assess the performance of the solver, it is essential to perform some model convergence analysis. As summarized
in Figure 3.5, the model requires a guess for heat exchanger pressure drops at first. After HX sizing, the actual
pressure drops are calculated. These values have to be fed back into the solver for correct recalculation of average
properties inside the heat exchangers. The results are shown in 4.3. As can be seen the solver usually converges after
3 iterations, since tolerance for pressure drop deviation between iterations is only 0.1 Pa (see Table 3.3). Note that
the radiator air side pressure drop is not included, since it has no effect on convergence of the model in this thesis.
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Figure 4.3: Pressure drop convergence in solver.

Results for convergence of average properties inside the radiator, intercooler and H2HX for top-of-climb conditions
are shown in Figures 4.4, 4.5 4.6, respectively. Results are shown for outlet velocity and density of the coolant and
fluid. As can be seen, more than 10 iterations are required for the components, even though differences between
initial and final values are sometimes marginal. Still, computation time is less than a second for 20 iterations, thus
the tighter convergence criteria imposed on the outlet temperature of the heat exchanger component models do not
have significant impact on the computational efficiency of the overall system model.
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Figure 4.5: Convergence of outlet properties in the intercooler.
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Figure 4.6: Convergence of outlet properties in the H2HX.

While the convergence tolerances on temperature output of the heat exchangers should not allow for values larger
than summarized in Table 3.3, it can still occur that heat exchanger sizing results in a local minimum, or the step
size is smaller than the tolerance. In that case, the model will converge and move to another design point. Results
for the radiator, intercooler and H2HX are shown in Figures 4.7. Note that these results are presented for the

sensitivity analysis as performed in Section 5.2. Errors for on- and off-design are shown in the sections afterwards,
and influence the selection of optimal design point.

An error € < 0 indicates the heat exchanger is oversized, while a positive error indicates an undersizing. As can be
seen the error is mostly below the tolerance of 0.1¢ircC. Only for the intercooler in top-of-climb conditions the error
is sometimes up to 0.5°C. However, the effect on the results is expected to be marginal, considering the overall
temperature drop in the intercooler in top-of-climb conditions (AT = 143.25°C for T pc = 90°C and iy pc = 1.25
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Figure 4.7: Results of sensitivity analysis for take-off conditions (a,b,c) and top-of-climb conditions (d,e,f).
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Results & Discussion

This section will present and discuss the results obtained through the system model simulations and consists of the
following sections:

5.1

A sensitivity analysis. To address the research questions, the impact of key input parameters on the
preliminary design of an LH2FCE aircraft is analyzed. Parameters for the sensitivity analysis are selected
and prioritized based on their anticipated influence on model outputs and the level of uncertainty associated
with each parameter. The findings from this sensitivity analysis are presented and discussed in Section 5.2.
On-design analysis. The purpose is to determine to what extent the different operating conditions are
constraining the design space. This is done in Section 5.3.

Off-design analysis. Performance of the selected designs needs to be tested in other operating conditions.
This is performed in Sections 5.4 and 5.5.

Design Variations. Small variations in components or input parameters may lead to improvements compared
to the baseline propulsion system architecture. This is discussed in Section 5.7. For the best performing
modifications combined, as well as for technological advancements for 2030, system performance is discussed
in Section 5.7.2.

Discussion and Outlook. A concluding discussion is provided with an outlook for future research
possibilities in Section 5.8.

Input Parameters for Test Case: DHC-8 Q300

This section describes the values and bounds of input parameters to the model and provides a clarification for
the selection of input parameters for the sensitivity analysis. Parameters are first classified based on whether
expected impact on model outcome is high, medium or low. Then, an uncertainty score is given to the parameter.
If a well-educated guess can be made for the parameter, a value of 1 is given. For input parameters that are, for
example, optimized (e.g. HX design variables) or dependent on other input parameters (e.g. relative humidity),
the uncertainty score is of level 2. Parameters with the highest uncertainty (level 3) and expected impact will be
selected for sensitivity analysis.

A summary is provided in Table 5.1. Parameters with medium to high expected impact and higher uncertainty
(2-3) include:

Fuel cell parameters: For fuel cell temperature T; pc, pressure p; rc and current density ipc it is uncertain
what the optimal values are. As described in Section 3.4, pressure is a function of temperature, to reach
optimal relative humidity ¢ at a fixed air excess ratio Aa;r.

Ram air duct design parameters: While ram air duct width W is an output of the model, ram air duct
height Hqyct and diffuser area ratio AR are fixed according to educated guesses, as discussed in Section 3.3.
Also, Mach number at the inlet of the ram air duct Mjyje; is fixed to the exit Mach number of the propeller,
but can be smaller in reality.

Radiator design parameters: While the volume of the radiator is directly determined by Wy, the other 3
design parameters are optimized within reasonable bounds (see Section 3.6.5).

Compressor polytropic efficiency 7,01y As this has high impact, a conservative estimate is made as described
in Section 3.5.2.

Intercooler and H2HX design variables, which are optimized within bounds. This is discussed in more detail
in Section 3.5.3 and Section 3.6.4. Bounds are taken relatively wide, and expected impact on system level
results is smaller.

For coolant temperature T;. o and pressure p. good assumptions can be made. T; ¢ is based on the expected
temperature rise in the intercooler and fuel cell as discussed in Section 3.5.3. p. has some influence on pump
design, which is why a conservative estimate is made for the pump mass (see Section 3.6.3). Furthermore,
the operating pressure has impact on tubing design, but that is not analyzed in this work.

For the remaining input parameters, valid assumptions can be made as discussed in Chapter 3. This includes,
among others, the mission parameters, of which the influence is assessed through on-/ and off-design analysis.
Concluding, T; rc and ipc are selected as sensitivity parameters.
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Table 5.1: Parameters and Their Expected Impacts and Uncertainty Scores

Parameter Range Expected impact Uncertainty score
Ti vC 70 —90°C High 3
Current density irc 0.5-2.0 A/cm? High 3
Pt,FC 1.25-2.4 bar High 3
Air excess ratio Aair 1.7 = f(Ty kc) High 2
Prel FC 40 — 98% High 2
Area ratio diffuser AR 1.0 High 2
AT, rc 10 High 2
Radiator L 0.6645 - Wquct High 2
Radiator /g 3-20mm High 2
Radiator dgpng 1-5mm High 2
Radiator dyype 1-5mm High 2
Compressor 1poly 0.8 High 2
Ram air duct Mjpjet Propeller u, High 2
Intercooler H 02-14m Medium 2
Intercooler W 0.05-0.8m Medium 2
Intercooler L 02-10m Medium 2
Intercooler hing 3 -20mm Medium 2
Intercooler dgng 1.5-3mm Medium 2
Intercooler dyype 1-5mm Medium 2
H2HX L 02-249m Medium 2
H2HX rin 50 — 500 mm Medium 2
H2HX diypes 3 -15mm Medium 2
T.0 (Ti pc — AT rc —2) K Medium 2
Pghatt 2.28 MW (cruise) - 3.56 MW (TOC) High 1
Tprop 0.84 High 1
Dprop 41m High 1
Hguct 0.61m High 1
Radiator inclination 0 70° High 1
HX material Alu 3003 High 1
Altitude h 0 m (TO) - 7620 m (cruise) High 1
Moo 0.11 (TO) - 0.44 (cruise) High 1
Pretrc 2.5 MW (cruise) - 3.9 MW (TOC) High 1
Tisa +30°C High 1
Uef rC 1.229 Medium 1
Pe 3 bar Medium 1
Aperc 20,000 Pa Low 1
AP air, filter 525 Pa Low 1
APair, humidifier 8000 Pa Low 1
Apair, FC 20,000 Pa Low 1
Cp air 1024J/kg K Low 1
Orel,air 50% Low 1
ATpump 0 Low 1
Hydrogen Tin 26 Low 1
Hydrogen pin pv(26 K) Low 1
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5.2. Sensitivity Analysis

This section gives the results of the sensitivity analysis, where fuel cell temperature T; rc and current density ipc are
varied in the range displayed in Table 5.1, to assess their impact on payload and range of a LH2FCE aircraft. Fuel
cell pressure p; rc has to increase with temperature, to maintain optimal relative humidity in the LT-PEM fuel cell.
The bounds for the duct width are summarized in Table 5.2.

Table 5.2: Duct Width Bounds

Parameter Value Units
Lower Bound for Duct Width, Wgyct b 0.2 m
Upper Bound for Duct Width, Wyyct.ub 1.0 m

Figure 5.1 visualizes the results for take-off and top-of-climb conditions. Infeasible designs fall in the white regions
in the chart and are associated with output variables exceeding the set limits. The limit to Wyt = 0.61m represents
the duct width being equal to the duct height. When mpg >6000 kg, the entire propulsion system mass budget is
consumed. This represents a third of the payload budget (3096 kg) allocated by Rietdijk and Selier (2024) [10]. (see
Figure 3.2). The propulsion system mass mpg excludes the tank mass, as this cannot be sized until cruise analysis is

performed. In any case, the fuel burn of 340 kg/h cannot exceed. Otherwise, the maximum mission fuel mass, as
estimated by Rietdijk and Selier, would be consumed within one hour.
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Figure 5.1: Results of sensitivity analysis for take-off conditions (a,b,c) and top-of-climb conditions (d,e,f).

Selecting the optimal fuel cell current density is a trade-off between payload and range. Smaller current density
results in a smaller duct width, lower drag and thus a larger lift-to-drag ratio. Additionally, less fuel is used due

improved fuel cell efficiency, increasing range. However, at smaller current densities, propulsion system mass
increases significantly, reducing available mass for payload.
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Similarly, selecting the optimal fuel cell temperature and pressure also results in a trade-off between payload and
range. A higher temperature results in a larger temperature difference in the radiator, improving heat rejection
to the ambient air and reducing required ram air mass flow and duct width, improving the lift-to-drag ratio and
range. Additionally, range is increased further as fuel cell efficiency improves with increasing pressure. However,
in top-of-climb conditions, increasing fuel cell temperature beyond T;rc = 85°C seems ineffective. The higher
pressure ratio demanded from the compressor increases fuel cell power, increasing fuel cell mass and reducing

payload mass. As a result of increasing fuel cell power, fuel mass flow rate increases slightly for the highest fuel cell
temperature and pressures.

When considering duct width Wy, take-off conditions are constraining. While demanded fuel cell power is
lower and air density increases in take-off conditions, the air velocity is low (40 m/s), resulting in lower mass flow
through the radiator. In top-of-climb, the increase in demanded fuel cell power is compensated by the increase in
mass flow through the ram air duct, due to increased airspeed (128.5 m/s), even though air density is halved.

When considering propulsion system mass mpg, top-of-climb is the constraining operating condition. Depending
on the optimal current density, the fuel cell mass increases by up to 1000 kg compared to take-off conditions. As
more power is required to compress the air at high altitude, required fuel cell power and size increase, as shown in
Figure 5.2. Therefore, top-of-climb conditions are assessed first in on-design, to size the fuel cell. Subsequently, it is
assessed whether the TMS can reject the thermal power in take-off conditions. If not, the duct width should be
increased.
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Figure 5.2: Comparison of fuel cell system mass and compressor power between take-off and top-of-climb at T; rc = 90°C and
PtFC = 2.4 bar.
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5.3. On-design Analysis: Top-of-climb Conditions

From sensitivity analysis results in Section 5.2 it is clear that the propulsion system has to be sized for top-of-climb
conditions. Selecting a design solution is a complex decision. One could design for the smallest duct and have
a lower fuel mass flow rate, but obtain the heaviest propulsion system. On the other hand, if designing for the
smallest mass, a larger duct is obtained and fuel mass flow rate is increased. The result is that either range or
payload is compromised, or in the worst case both.

By tackling this design challenge as a multi-objective problem, where no objective is dominant, a Pareto front can
be constructed [181]. Fuel mass flow rate is left out of this on-design analysis, as the overall fuel required to reach
top-of-climb is expected to be smaller than for cruise. Conversely, Wqyct and mpg are parameters that drive the
design. The Pareto front for all optimized design solutions is shown in Figure 5.3. The upper bounds for Wyt and
mps are again set to 0.61 m and 6000 kg, respectively.
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Figure 5.3: Pareto front with non-dominated solutions in Wyt and mps for top-of-climb conditions. Pareto optimal solutions
circled in black, design solutions that are selected for further analysis are circled in green.

As can be seen in Figure 5.3, few Pareto-optimal solutions fit the constraints. Highest fuel cell pressure and
temperature are not necessarily optimal, as discussed before in Section 5.2, due to the weight penalty to the fuel cell
of increased compressor pressure ratio. However, the optimal fuel cell current density seems to be somewhere
between igc = 1.25 — 1.625 A/cm?, right in the center of the sensitivity range.

Three Pareto-optimal solutions are selected for further analysis. These are highlighted in green in Figure 5.3. Tank
mass is not yet included into the propulsion system mass mps, which can account for up to 1500 kg, given the
fuel mass mg,e] =340 kg in [10] and a ngr = 23%. Therefore, the mass budget for fuel cell, balance-of-plant and
powertrain is about 4000 kg (see Figure 3.2), yielding the design solutions as in Table 5.3.

Table 5.3: Selected design solutions.

Design Solution | mps [kg] ~ Wauet [m]  ipc [A/ cm?]  Tipe [°C] ptrc [bar]
1 5660 0.430 1.25 85 1.8
2 5431 0.475 1.625 90 24
3 5353 0.489 1.625 85 1.8
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5.4. Off-design Analysis: Take-off Conditions

Given the non-dominant design points from Table 5.3, off-design analysis for take-off can be performed. The
required power by the fuel cell system is lowered from 3.9 MW to 3.1 MW (see Table 3.1). Also, the following input
parameters are fixed:

¢ Duct width Wgyct-

¢ Fuel cell area (and mass). Current density can be determined by realizing that power density decreases for
the same fuel cell area.

¢ Geometry of the Radiator, Intercooler and H2HX.

e Coolant mass flow .

Although power required for take-off is smaller than in top-of-climb, so is the mass flow through the radiator. Since
required duct width is just slightly smaller in take-off than in top-of-climb, it is assessed whether the TMS can reject
all heat in take-off conditions. The system may benefit from a change in fuel cell temperature and pressure setting,
so this is included in the analysis.

First, heat exchanger performance is assessed. The duct width Wyt may need to be increased if the required
coolant temperature cannot be reached in the radiator. Secondly, the take-off fuel mass flow rate is determined as
this is crucial for payload and range analysis.

Temperature Discrepancy Calculation

In on-design conditions, the radiator, intercooler and H2HX are sized to obtain the required coolant, air and
hydrogen temperature, respectively. To assess system performance in take-off conditions, it is essential to verify
whether the required temperature output at the heat exchanger outlets is reached under these operating conditions
as well.

The air temperature at the intercooler outlet and the hydrogen temperature at the H2HX outlet correspond to the
fuel cell temperature. For the radiator, as discussed in Section 3.5.3, the coolant temperature at the outlet is fixed to
T; rc — AT; pc — 2K, even though the temperature difference across the intercooler might be smaller. In take-off, the
magnitude of this offset can be reduced, by realizing that the cooling power is decreased significantly. In take-off,
compression power will be significantly less due to the higher ambient pressure, reducing the temperature of air
entering the intercooler.

For the same range of T; rc and p; pc in the on-design analysis, it can than be determined, for each design solution,
what the discrepancy is between the actual and target temperature at the heat exchanger outlets. The results are
shown in Figure 5.4.
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Figure 5.4: discrepancy between actual temperature and required temperature, for different design solutions, in take-off
off-design conditions.
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As can be seen in Figure 5.4, the coolant temperature discrepancy €r . in the radiator gets relatively large, indicating
that the ram air cannot reduce the coolant temperature sufficiently. For design solution 3, corresponding to the
highest temperature and pressure setting, the discrepancy is smallest €T . = 2°C, as the duct width is larger than
for the other design options. The smaller the duct, the larger the temperature discrepancy.

The temperature discrepancies in the intercooler and H2HX are smaller, but not necessarily within the convergence
tolerance of 0.1 K (Table 3.3). However, the overall impact on the design is small, as these heat exchangers have a
large temperature difference between the hot and cold streams (ATy, HoHx = 339K and AT jc = 75K). The mass
will therefore increase marginally in a design iteration.

To get the three design solutions to meet the requirement on the radiator thermal load in take-off conditions, the
duct width will need to be increased. A small gain in performance was found in setting the T; pc — AT; pc — 2K
to 10K instead of 12K. Since required cooling power in take-off is lower than in top-of-climb, the overall coolant
temperature difference can be slightly lower for the same coolant mass rate as in top-of-climb. Also, the cooling
power in the intercooler is lower as a lower temperature is reached at the compressor outlet due to the decreased
pressure ratio.

Since the temperature discrepancy in the radiator is smallest at T; pc = 90°C and p; pc = 2.4 bar, these must be the
take-off fuel cell settings. The corresponding duct widths are shown in Figures 5.5. The recalculated performance
of the three design solutions with the larger ram air ducts are presented in Table 5.4.
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(a) Design solution 1. (b) Design solution 2. (c) Design solution 3.

Figure 5.5: Duct size required for take-off off design conditions.

Table 5.4: Converged design parameters for take-off (TO) and top-of-climb (TOC) conditions.

Design Solution | mps [kg] ~ Wqyet [m]  ipc [A/ cm?] Ttrc [°C] ptrc [bar] g, [kg/h]
Conditions TO / TOC TO / TOC TO / TOC TO/TOC
1 4656 0.708 0.778 / 1.250 90 / 85 24/18 169 / 246
2 4442 0.744 0.923 / 1.625 90 /90 24/24 174 / 276
3 4429 0.744 0.919 / 1.625 90 / 85 24/1.8 174 / 286

As can be seen, the duct size, current densities and fuel mass flow rates for design solution 2 and 3 are similar, even
though the second design solution has a 13 kg higher mass. Fuel cell size in both designs is approximately the
same, however the intercooler is lighter in the third design. Required fuel cell power output can be lower, as the air
pressure is smaller. This decreases the required length of the fins in the intercooler, as the compressed air has a
lower temperature.
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5.5. Off-design Analysis: Cruise Conditions

Given the non-dominant design solutions from Table 5.4, off-design analysis for cruise can be performed. The

required power by the fuel cell system is lowered to 2.5 MW overall. As in take-off off-design analysis, the following
input parameters remain fixed:

¢ Duct width Wgyct-

e Fuel cell area (and mass).

* Geometry of the Radiator, Intercooler and H2HX
e Coolant mass flow #i,

While the fuel cell is now sized for top-of-clib conditions, where power is highest, and the duct for take-off, where
air velocity is lowest, it is expected that cruise will not require a redesign. First, the temperature discrepancies
between required and actual temperatures at the heat exchanger outlets are discussed. Afterwards, a payload range
estimation for the different design solutions is done for various fuel cell temperatures and pressures. The design
that performs best will be selected for further analysis.

Temperature discrepancy Calculation

The temperature deviations in the various HXs estimated by the model with respect to the design requirements
for cruise conditions are presented in Figure 5.6. It is clear that the HXs are oversized for all the fuel cell settings
considered. The negative values indicate that the coolant in the radiator and air in the intercooler are being cooled
too much, requiring adequate regulation. The negative values in the H2HX indicate that the hydrogen is overheated
compared to the target. However, the offset is only by a few degrees, while the hydrogen is heated by more than
300°C in total. Therefore, minimal design changes are expected.
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Figure 5.6: Discrepancy between actual temperature and targeted temperature, for different design solutions, in cruise off-design
conditions. Temperature and pressure is varied while current density is fixed at igc = 0.5 A/cm?

Optimal Fuel cell Settings

The optimal fuel cell settings in cruise are determined by searching for the combination of pressure and temperature
that maximizes aircraft payload for the given design cruise range. While there is some uncertainty about payload
and range calculations as no full mission analysis is performed, a rough estimate can be made using the equations
in Section 3.1. Maximum cruise rating for the original DHC-8 Q300 is approximately 1500 km, with a payload
of 5300 kg (see Appendix B.4). Using the Breguet range equation, the fuel mass to reach this cruise range can be
determined. The lift-to-drag ratio in cruise is estimated to be L/Dc¢ryise = 13.6. More details for this estimation can
be found in Section 5.6.1. The space left for payload has to account for passengers, cargo, crew and some auxiliary
systems that are not included in the weight analysis, such as a battery, high-voltage inverters and tubing.

The analysis is repeated for the three Pareto design solutions selected from Figure 5.3. The results are shown in
Figure 5.7.
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Figure 5.7: Payload mass of the retrofitted DHC-8 Q300 for the three Pareto design solutions and a required range of 1500 km as a
function of different fuel cell temperature and pressure settings.

In Figure 5.7, fuel mass flow rates in cruise, total liquid hydrogen tank mass and current densities in cruise are
visualized by the colors.

Evidently, payload is highest for design solution 3, which is the one featuring the lower propulsion system mass
among the selected Pareto design solutions. Although the larger fuel cell in design solution 1 operates more

efficiently, and has a lower fuel mass flow rate and lower current density, payload is affected more by the mass of
the fuel cell.

The difference in payload between the lowest and highest temperature and pressure setting is small, about 60

kg. Fuel mass flow rate is slightly larger for a higher fuel cell pressure, due to the increase in compressor power.
Therefore, fuel and tank mass increase slightly.

The optimal settings thus lie at a lower temperature and pressure for cruise than T; pc = 90°C and p; rc = 2.4 bar.
However, the differences between T; rc = 75°C and 85°C are very small, about 20 kg. Therefore, the optimal setting
could be selected considering fuel cell lifetime. As discussed in Section 2.3, increased relative humidity is probably
best to prevent damage to the membrane. In that case, T; pc = 85°C and p; rc = 1.8 bar can be selected, since the
corresponding required relative humidity ¢ e rc = 98%C. When reduced operational temperature would have
more effect on the lifetime of the membrane, a lower temperature setting can be selected.

Concluding, the optimal design option is solution 3. Furthermore, the optimal fuel cell settings across operating

scenarios are known as well as propulsion system mass and duct width. These baseline parameters are presented
in Table 5.5.

Table 5.5: Baseline design parameters.

Optimal Design Solution | Design Solution 3
Wauet | 0.744 m
mps | 4429 kg
Take-off FC setting | T; rc = 90°C, py rc = 2.4bar
Top-of-climb FC setting | T; rc = 85°C, pt pc = 1.8 bar
Cruise FC setting | T; rpc = 85°C, py rc = 1.8bar
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5.6. Baseline Design

In this section the results for the baseline design are presented, starting with a drag polar for the design range (1500
km) in Subsection 5.6.1, followed by the mass breakdown in cruise conditions in Section 5.6.2 . Afterwards, ram air
duct performance, fuel cell system performance, air supply system performance and thermal management system
performance are provided in Sections 5.6.3 to 5.6.6.

5.6.1. Drag Polar Estimation

Before the drag polar of the aircraft is determined, it is assessed whether a small amount of thrust is generated
from the ram air ducts in cruise conditions, according to the ACp,-method in Section 3.3. The total thrust for all
four ram air ducts at different fuel cell temperatures and pressures is shown in Figure 5.8.
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Figure 5.8: Total ram air thrust in cruise at different fuel cell operational settings, according to the ACp,-method (see Section 3.3.

As can be seen in Figure 5.8, fuel cell parameters do not have a large effect on thrust. However, note that thrust and
overall thrust ratio (OTR) are negative, resulting in a ram air drag in the range of 4250-4350 N, which is almost 30%
of the total thrust of the aircraft. Ram air drag is caused by large momentum and pressure losses in the ram air
duct, as discussed in Section 5.6.3. In Section 5.7.1, is it analyzed to what extent increasing the diffuser area ratio
reduces the drag in cruise associated with the ram air ducts.

Drag polars and lift-to-drag ratios for the different sources and methods, as discussed in Section 3.1.2, are shown
in Figure 5.9. The results of the conceptual design performed by Rietdijk and Selier (2024), for a DHC-8 Q300
retrofitted with LH2FCE propulsion, are also shown.
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Figure 5.9: Drag polar and lift-to-drag ratio for the original DHC-8 Q300, based on Rietdijk and Selier (2024) [10] and Quillet et al.
(2021) [87]), according to the fyuct (Equation 3.12) and ACp 4. (Equation 3.17) methods, and for the conceptual design by
Rietdijk and Selier of a DHC-8 Q300 retrofitted with LH2FCE propulsion [10].
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As can be seen in Figure 5.9, there is quite a large difference between different sources and methods for the drag
polar, and especially the lift-to-drag ratio L/D. An overview of the percentual difference in drag coefficient Cp and
L/D for cruise and maximum lift coefficient is shown in Table 5.6.

Table 5.6: Comparison of drag and lift-to-drag characteristics, based on Rietdijk and Selier (2024) [10] and Quillet et al. (2021)

[87]), using the fquct-method and ACp-method. Cr, ;.. = 0.7.

Parameter | Original fduct-method  ACp,-method | Original fducemethod  ACp,-method

(Rietdijk (Quillet et

and Selier) al.)
CDeryise 0.0404 +3.1% +48.2% | 0.0504 +5.0% +40.0%
Cp, 0.0248 +3.7% +32.9% | 0.0322 +4.0% +27.0%
L/Deruise 17.3 -4.6% -29.8% | 13.9 -4.8% -25.4%
L/Dmmax 17.8 -3.7% 23.1% | 144 -3.7% -19.9%

As can be seen in Table 5.6, the magnitude of drag coefficients and lift-to-drag ratios varies significantly across
various studies. Whereas the difference in percentual increase between the characteristics based on different
original values according to the fg,,c;-method is small, this increases a bit for the ACp,-method. This uncertainty in
lift-to-drag ratio has impact on payload and range calculations. Using the equations in Sections 3.1.1 and 3.1.2, the
payload for a 1500 km cruise range can be determined for minimum and maximum estimated L/Dcyyise-ratios in
cruise. This is shown in Figure 5.10, along with the result for the average L/Dcryise- The percentual decrease in
payload from the original payload (5300 kg for a range of 1500 km) of the DHC-8 Q300 is also shown.

T T
2400 - 7 -55%
2200 |- J =
_ 1-60% =
3 2000 . 2
T 1800 1-65% &
9 s
= 1600 - 4 700 =
ch 70% g
1400 | g =
1200 F TR
il 1 1 Il L 1 il 1
10 11 12 13 14 15 16 17
L/D[]

Figure 5.10: Payload uncertainty range due to uncertainty in L/Deryise-ratio for a range of 1500 km, and payload decrease
compared to the original DHC-8 Q300.

As can be seen, the uncertainty in payload is quite large, with a difference of 700 kg between the lower and upper
bound of the range in Figure 5.10 (58 - 77% payload reduction). Since L/D linearly affects range, increasing fuel
mass required to reach the design range, the large uncertainty in payload is not unexpected. The relation between
L/D-ratio and payload is slightly non-linear due to the logarithm in Equation 3.3.

While the decrease in payload compared to the original kerosene-powered turboprop is significant, the actual
payload may be even lower than estimated here. The increase in drag causes an increase in required thrust,
increasing Pghaft and Prc, increasing fuel cell size and propulsion system mass. However, as discussed in Section
3.1.2, required power levels for different operating conditions are based on the drag polar from Quillet et al. [87],
which may be conservative. The increase in required fuel cell size may therefore be offset by a reduction in required
power.

Nevertheless, considering the baseline design solution, the viability of a DHC-8 Q300 aircraft retrofitted with an
LH2FCE propulsion system is doubtful at the design range of 1500 km. In the next sections, a mass breakdown for
the baseline design will be presented, along with in-depth analyses of the results for each subsystem.



5.6. Baseline Design 76

5.6.2. Aircraft Mass Breakdown for a Design Range of 1500 km

A comparison with respect to the DHC-8 Q300 in terms of MTOM breakdown is shown in Figure 5.11 for the
original design range of 1500 km (Appendix B.4). As discussed in the previous section, payload is reduced between
58 - 77% for the range of L/ D ryise, when comparing results to the kerosene-powered turboprop. Fuel mass reduces
between 57 to 69%, as hydrogen is a lighter fuel than kerosene. While hydrogen has 4 times more energy per kg,
power-specific fuel consumption increases as propulsion system mass is about 4.3 larger. With the addition of the
heavy cryogenic tank system, OEM increases by 35-60%. Specific power in top-of-climb for the propulsion system
is reduced from 1.38 kW /kg to 0.62 kW /kg.

MTOM breakdown [kg]

Model (L/D=16.8)  I— |

Model (L/D=13.6) I =u

Model (L/D=10.4) I =
DHC-8Q300 N

0 5000 10000 15000 20000 25000
DHC-8 Q300 Model (L/D=10.4) Model (L/D=13.6) Model (L/D=16.8)
m OEM 12103 17384 16879 16565
Payload 5814 889 1554 1962
m MF 1588 768 617 524

Figure 5.11: MTOM breakdown for a cruise range of 1500 km.

Figure 5.12 shows the mass of the retrofit-ready DHC-8 Q300, with fuel and engine systems removed (5.5% MTOW
[10]). Additionally, the individual masses of the propulsion system, payload, fuel, liquid hydrogen tank are shown.
The OEM in Figure 5.11 includes the propulsion system, liquid hydrogen tank and DHC-8 Q300 (excluding original
turboprop engines and kerosene fuel system) masses.

MTOM PROPULSION SYSTEM

Fuel, Payload, (1554 kg)
(617 kg)

Propulsion System,

LH2 Tank, (4429 kg)

(2067 kg)

Thermal Management
System,
S (1240 kg)

DHC-8 Q300 excl. turboprop
& kerosene fuel systems,
(10383 kg)

Figure 5.12: MTOM piechart for a design range of 1500 km.

On the left hand side of Figure 5.12, it can be seen that, despite the low fuel mass, the liquid hydrogen tank and
propulsion system occupy a significant portion of the MTOM budget, leaving minimal capacity for payload. On
the right, the breakdown of the propulsion system shows that the fuel cell system accounts for the largest share,
followed by the thermal management system, powertrain, and air supply system."
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5.6.3. Ram Air Duct Performance

Figure 5.13 illustrates the total and static temperature and pressure profiles along the ram air duct under various
operating conditions. At station 6, the total conditions correspond to the airflow exiting the ram air duct, while the
static conditions reflect the ambient environment. When momentum and pressure loss in the ram air duct are
significant, the total pressure exiting the ram air duct can be lower than the ambient static pressure.
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(a) Ram air total and static pressure. (b) Ram air total and static temperature.

Figure 5.13: Ram air duct properties at station 1 (before propeller) to 6 (nozzle exit), for different operating conditions.

First of all, taking a look at cruise conditions in Figure 5.13, the increase in dynamic pressure and decrease in static
pressure due to the propeller is visible (Station 1 — 2) . While properties are constant throughout the straight
diffuser, the ram air is slowed and static pressure is increased due to the radiator inclination angle of 70°. This
was modeled as an increase in area, but the effect of flow turning was neglected, as this should have minimal as
was found in previous studies in literature (see Section 3.3). Pressure drop through the radiator is about 2000 Pa,
while temperature increases by about 60K. While a large temperature difference is beneficial for thrust generation,
its positive effect is limited by the nozzle pressure ratio NPR~1.05. As the flow is expanded in cruise, velocity is
increased slightly below the original free-stream velocity (128.6 m/s), resulting in the ram air drag as discussed in
Section 5.6.1.

However, in top-of-climb conditions, total pressure visibly drops below the ambient pressure at station 6.
Performance of the ram air duct should be comparable to cruise conditions, as ambient conditions are equal.
However, the amount of heat added to the air flow, as shown in Table 5.7, is much larger. This increases flow
momentum, but also increases frictional pressure loss. At the nozzle entrance, total pressure reduces by more than
9000 Pa compared to the free-stream, even though average velocity of the ram air in the radiator fins is about higher
than in cruise conditions (71.0 vs. 32.5 m/s).

In take-off conditions, ram air velocity is relatively low, reducing the gap between static and total pressure. As
can be seen, the total pressure reduces below the ambient pressure. Therefore, the nozzle pressure ratio NPR<1.0
causes 1y — 0 for top-of-climb and take-off conditions. The ideal nozzle is not able to accelerate the flow, as the
equation implemented for nozzle exit velocity,

y-1 r-1
Po6 7 1
Uexit = 4| 2Cp Tt 5 - (1 - m ! ) =4(2CpTt 5 (1 ~ NPR ), (5.1)

becomes zero. As a result, ram air drag will be larger in take-off and climb conditions than in cruise. Potentially,
stagnation or reversal ov the flow can cause major issues for the TMS. As stated before, this issue may be eliminated
by introducing fans in the ram air duct to sufficiently increase total pressure. While further analysis is needed,
puller fans within the ram air ducts may be required to sustain sufficient ram air flow in take-off and top-of-climb
these conditions.

An overview of Ram Air Duct performance parameters is shown in Table 5.7. This table also reports data for the
ram air duct design by Beltrame et al. [18] (see Figure 2.24), to verify the soundness of the estimated drag value in
cruise conditions.
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Table 5.7: Ram air duct performance parameters across operating conditions.

Parameter Take-off Top-of-climb  Cruise | Beltrame et al. (2024), Cruise
Qradiator [kW] 561 1869 992 740
Apduet [Pal 1157 9059 2287 | 1360
Apradiator [Pa] 1157 9059 2287 | 760
Ufins,avg [M/s] 16.5 71.0 325 | 11.6
0 0.11 0.39 0.39 | 0.78
NPR [-] 0.997 0.891 1.051 | 1.377
D; [N] n/a n/a n/a | 1786
Fr [N] n/a n/a_ -4288 | 1872

Comparing the results for cruise conditions between the baseline design and the ram air duct of Beltrame et al.,
pressure and momentum losses are larger for the baseline design. Pressure drop in the radiator is about 3 times
larger, even though losses in the inlet, diffuser and nozzle are neglected. Also, air velocity in the radiator is about 3
times larger, due to the lack of a diffuser. The large pressure loss in the baseline design during cruise causes the
nozzle pressure ratio (NPR) to be only slightly larger than 1.0, resulting in large ram air drag. Moreover, in the
study by Beltrame et al., inlet drag D; was determined, which may be, although left out of analysis here, in the
same order of magnitude as ram air drag. However, in the design by Beltrame et al., NPR is much larger, resulting
in a net thrust. Also, the free-stream Mach number is about twice as much, and the geometrical characteristics of
the two ducts are slightly different, making the comparison more difficult, as shown in Table 5.8.

Table 5.8: Comparison of ram air duct design parameters.

Parameter Baseline design  Beltrame et al. (2024)
Wyt [m] 0.744 0.27
Layct [m] >2.04 3
0 [deg] 70 70
AR 1.0 3.8
Lradiator [Cm] 47.9 17.6
Fin type [-] Straight Offset strip
Hfing [mm] 4 6.5
dfins [mm] 1.5 2

As can be seen in Table 5.8, in the baseline design there is essentially no diffuser (AR = 1.0), while in the design
by Beltrame et al. AR = 3.8, resulting in a larger reduction in air velocity and less pressure loss in the radiator.
Furthermore, the baseline radiator fins are longer (Lyagiator), shorter (hgng) and fin spacing dfi,s is slightly less than
in the publication by Beltrame et al., decreasing fin hydraulic diameter and increasing friction loss.

While overall duct length is not determined for the baseline design, the length of the section with the inclined
radiator is 1.973 m. When the nozzle and diffuser would scale linearly with the dimensions of the design by
Beltrame et al. (see Figure 2.24), the duct length would be about 7 m. This is slightly longer than the current nacelle
length of the DHC-8 Q300 (see Appendix B.3 for the dimensions).

Furthermore, the total temperature increase is about 60K at maximum, while 100K is reached in the design by
Beltrame et al. This provides another reason for the fact that no thrust generation in the ram air duct is achieved.

5.6.4. Fuel Cell System Performance

In Table 5.9, fuel cell parameters and fuel mass flow rates in different operating conditions are summarized. In
Figure 5.14, fuel cell efficiency and power density in take-off, top-of-climb and cruise conditions are highlighted on
the fuel cell performance maps.

Table 5.9: Design solution 3 parameters for a range of 1500 km.

Parameter Take-Off (TO) Top-0f-Climb (TOC) Cruise | Climb Other
Ttrc [°C] 90.0 85 85 - -
ptrc [bar] 24 1.8 1.8 - -
i [kg/h] 172 289 147 - -
irc [A/cm?] 0.870 1625 0736 - -
nec [%] 0.605 0.500 0.605 - -
MA2 cruise [kg] - - 432.6 - -
My climb [kg] - - - 97.7 -
MH2,other [kg] - - - - 58.9
Prc [MW] 3.44 4.78 2.94 - -
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Figure 5.14: Fuel cell properties across different mission phases, with varying fuel cell settings (current density irc, pressure p; rc
and temperature T; rc).

As can be seen, different settings are optimal under different ambient conditions and power levels, as discussed
before in Sections 5.2-5.5.

For take-off and cruise conditions, the optimal FC settings are those enabling average efficiency and average power
density. Power density is maximized for top-of-climb conditions, which is the most power demanding flight phase.
This reduces fuel cell efficiency to 50%, which means heat produced is almost 5SMW in top-of-climb conditions.
Lower fuel cell pressure is beneficial in case of lower ambient pressures, reducing fuel cell temperature to maintain
a relative humidity of ¢, = 98%. Such a high relative humidity at the fuel cell inlet this high is indicated as
essential for fuel cell performance in the literature (see Section 2.3.4).

As can be seen in Table 5.9, fuel mass flow is lowest in cruise, and highest for top-of-climb. This corresponds
directly to the required power levels in Table 3.1. Total fuel mass is includes the estimated fuel consumed during
climb, cruise, and other mission phases. Fuel required for climb n1y, (jimpb Was determined from the average fuel
mass flow rate in take-off and top-of-climb, and the time to reach cruise altitude. mp, cimb, is almost a third of
MH, cruise, highlighting the inefficient usage of the fuel cells at high power density. Fuel required for other mission
phases (taxiing, descent, landing, go-around) was assumed 10%.

In reality, the average fuel mass consumed during climb and other mission phases may be higher than estimated
here. When mp, climb and mp, other are both increased by 5%, payload is reduced by about 8.7% or 170 kg. This is
not only due to increased fuel mass, but also tank mass, which has a relatively low gravimetric efficiency of 23%.
This calls for a full mission analysis in further work.

5.6.5. Air Supply System Performance

In this section, performance of the air supply system across different mission phases is discussed. The pressure-
enthalpy diagram for the fuel cell air stream from inlet to outlet is shown in Figure 5.15. Note that expansion to
ambient conditions from station 7 is not included to highlight the amount of energy remaining in the air stream.
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Figure 5.15: Pressure-enthalpy diagram for the air supply system across different mission phases.

First of all, it should be noted that the pressure-enthalpy diagrams for cruise and top-of-climb largely overlap, as
fuel cell temperature and pressure are equal and compressor efficiency is assumed constant, as discussed in 5.6.5.
Furthermore, note the higher working pressure during take-off conditions, where p = 2.4 bar in the fuel cell (station
5) proved to be optimal.

An intercooler is needed as air temperature rises significantly beyond the desired fuel cell temperature, while
pressure is increased in the compressor. Visibly, the intercooler is slightly oversized in cruise and take-off conditions,
as was also concluded in Section 5.5, requiring adequate regulation. Notably, pressure drop in the intercooler is
negligible, as discussed in Section 5.6.6. Pressure drop along the humidifier was estimated at 8000 Pa (see Section
3.5.4, while pressure drop in the fuel cell was estimated at 20,000 Pa 3.6.2. Also note that the humidifier and fuel
cell are assumed isothermal.

At the outlet (station 7), the air is not yet expanded fully to ambient conditions. The total-to-static pressure ratios
are shown in Table 5.10, highlighting the potential for power recovery using a turbine. Alternatively, the fuel cell
cathode side exhasut air may be used to elevate the ram air pressure in the ram air duct nozzle. However, the
difference between corrected fuel cell air mass flow rate and corrected ram air mass flow rate is quite large, as
shown in Table 5.10. Therefore, the elevation in total pressure at the nozzle entry will be small, and the positive
effect on ram air drag will be marginal.

Table 5.10: Conditions at the air supply system exhaust (station 7) across operating conditions.

Parameter Take-off Top-of-climb  Cruise
pt,7/P0,co [] 2.09 3.16 0.76
Titair supply [Kg/s] 1.40 2.35 1.19
m7, corrected [kg/S] 2.6 3.16 0.76
Tilram air, corrected [kg/S] 33.13 11.77 13.9

Compressor Performance

As shown in Figure 5.15, the pressure ratios to be delivered by the compressor in cruise and top-of-climb conditions
are equal, despite the difference in air mass flow. The temperature difference in the compressor is determined by
the pressure ratio from Equation 3.32. Since polytropic efficiency is assumed constant, the enthalpy rise is equal for
cruise and top-of-climb conditions. The higher Pcomp observed for top-of-climb is due to an increase in 7ita;r

In Figure 5.16, the operating points of the compressor are shown in terms of corrected mass flow, compressor
total-to-total pressure ratio and efficiency. Note that detailed compressor design was not performed in this work, so
actual efficiency might be higher or lower for the different design solutions. Compressor mass, including electric
motor and housing was estimated at 30 kg (Section 3.5.2).
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Figure 5.16: Compressor pressure ratio and isentropic efficiency vs. corrected mass flow accross different mission phases.

The range of pressure ratios and corrected mass flow as shown in Figure 5.16 seems feasible. However, the
isentropic efficiency may be higher than assumed in this model. As discussed in Section 4.3.1, it should be feasible
to design a compressor that can operate in these 3 regimes with higher efficiency than reported here. As the
compressor operating points for the top-of-climb mission solution lie in between the other scenarios, this should be
the on-design solution for the compressor.

Humidifier Performance

In Figure 5.17 the relative humidity and water mass fraction in the air supply system are shown. The assumed inlet
relative humidity is 50% for all operating conditions (see Section 3.5.4).
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Figure 5.17: Humidity properties in Air Supply System across different mission phases.

First of all, it can be seen that relative humidity ¢, drops significantly within the compressor (station 2 — 3),
as temperature is increased significantly. AT =120 °C in take-off and AT = 195 °C in cruise and top-of-climb
conditions. The increasing pressure increases relative humidity, but the effect on ¢ is notably much smaller (see
Section 2.3.2). As the intercooler (3 — 4) reduces air temperature to the required fuel cell inlet temperature, relative
humidity is slightly increased. Again, despite the difference in #it4ir,corr, trends are mostly equal for cruise and
top-of-climb conditions as enthalpy and pressure are the same. The only difference has its origin in the slightly
oversized intercooler in cruise, increasing relative humidity due to a slightly lower temperature before the fuel cell.
This also reduces the water mass fraction necessary in the humidifier to reach the high relative humidity.

However, it can be seen that relative humidity is not increased sufficiently, when only considering water production
within the fuel cell (station 5 — 6). In this case, the added water in the fuel cell is assumed to be recycled with 100%
effectiveness from the humdifier wet side (station 6 — 7), to the humidifier dry side (station 4 — 5). To increase fuel
cell inlet relative humidity to the required 98%, adequate water management is required. To have a sufficiently wet
membrane in start-up conditions, water must be injected in the humidifier, from a kind of reservoir. Additionally,
some water content might be extracted at the outlet (7).
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Furthermore, a small difference in relative humidity between the three operating points can be observed. Overall,
@rel is slightly larger for take-off conditions. While fuel cell temperature is slightly higher in take-off conditions (AT
=5 °C), decreasing ¢, the higher fuel cell pressure increases ¢, more (Ap = 60,000 Pa).

Lastly, it can be concluded that a humidifier is required regardless of the ambient relative humidity. Even with very
humid air, the reduction in ¢,] in the compressor is too large to obtain ¢,,;=98% at the fuel cell inlet without any
water management. Additionally, extra water must be injected for ¢ <80%, as water production inside the fuel
cell is not enough to sustain the high required humidity.

5.6.6. Thermal Management System Performance

In this section, the performance of the Thermal Management System (TMS) is discussed. Figure 5.18 shows, for
different operating conditions, the pressure and temperature in the mechanically pumped cooling cycle.
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Figure 5.18: Pressure and temperature in the water-eglycol 40/60 cooling loop across different mission phases.

As can be seen in Figure 5.18, for all operating conditions, pressure drop in the radiator (station 5 to 6) is about 1
bar. This is much larger than what was assumed in Chapter 4, where it was decided that pressure drop should be
lower than 25000 Pa. This also means that pressure of the coolant, water-eglycol 40/60, must be increased to 4
bar, which should be manageable considering that this is the average water pressure in household water tubing.
Pressure is kept lowest in the fuel cell by placing the pump directly behind the fuel cell, thereby limiting stress on
the fuel cell membrane. Still, it should be validated that the offset between coolant pressure and air pressure (up to
1.3 bar in cruise and top-of-climb) does not lead to major issues in the fuel cell structural design. A reduction in
coolant pressure could lower these stresses.

As a result of the significant pressure drop in the radiator, required pressure rise in the pump is about 1.4 bar for
cruise conditions. However, given Equation 3.57, pump power is still very small compared to fuel cell power, as can
be seen in Table 5.11. Therefore, the higher pressure drops result in a negligible increase in fuel cell size.

For all operating conditions, coolant temperature is just below the operating temperature of the fuel cell, as expected.
For take-off conditions, the offset with T; pc is about 2K. When this gap in temperature between the coolant and
the fuel cell is reduced further, the width of the duct might be slightly reduced. In cruise, this gap (3K) can
also be reduced to increase the temperature difference between the coolant and the ram air. In top-of-climb, this
temperature gap is minimal.

Furthermore, it should be noted that there is a temperature discrepancy in top-of-climb and cruise conditions. The
offset €T, 18 summarized in 5.11. As discussed in Section 5.5 as well, the radiator is oversized, requiring adequate
regulation. Alternatively, as assessed in Section 5.7, the ram air mass flow can be decreased by implementing a
variable inlet and increasing the diffuser area ratio AR. When AR is large enough, it might be possible to reduce
drag in top-of-climb and cruise conditions, using the Meredith effect (see Section 3.3).

Fuel cell power and heat production are also shown in Table 5.11. Visibly, the fuel cell is not very efficient in
top-of-climb conditions at about 50%, resulting in a large amount of heat to be removed. Still, heat is less effectively
removed in take-off conditions, as discussed in Section 5.4, due to the low air mass flow rate.
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Table 5.11: Thermal management system performance parameters across operating conditions.

Parameter Take-off Top-of-climb  Cruise
rite [kg/s] 48.3 48.3 48.3
Ppump [kW] 7.0 7.5 7.4
Ppump/Prc [%] 0.41 0.31 0.50
er. ¢ [°Cl -0.04 -8.20 -6.57
Prc [MW] 3.44 4.78 2.95
Qrc [MW] 2.25 4.79 1.92

Radiator Performance

The geometry of the radiator per side of each nacelle is summarized in Table 5.12.

Table 5.12: Radiator geometry specifications for one ram air duct.

Parameter Value | Parameter Value
Length [m] 0.48 | Nfins [-] 87020
Width [m] 2.18 | Niupes [-] 31650
Height [m] 0.61 | Nsections [-] 66
hfins [mm] 4.0 | dfins [mm] 15
tins [mm] 0.15 | dupe [mm] 1.0
tFrube [Mm] 0.15 | Mass [kg] 193

As can be seen, the size of the radiator is significant, and its mass is more than 60% of the total TMS mass (see
Figure 5.11). Performance parameters of the radiator are summarized in Table 5.13. Heat rejection percentage in the
radiator is determined from the total heat addition in the TMS:

4. Qradiator
QRadi %] = ———————— - 100% 5.2
Radlators[ ] 2-Qrc +2-Qr1c (5.2)

Table 5.13: Radiator performance parameters across different mission phases for one ram air duct.

Parameter Take-off Top-of-climb  Cruise
NTU [] 158 149 154
Effectiveness € [-] 0.739 0.673 0.731
Uyir [W/m?] 83.0 165.0 75.7
U Agir [KW] 31.9 61.6 29.2
Apair [kPa] 1.16 9.06 2.29
U [W/m?] 1495.7 1492.5 1490.7
UA: [kW] 323.5 322.8 3225
Apc [bar] 1.147 1.229 1.226
Qradiator [KW] 560.9 1867 991.6
ORadiators [%] 90.4% 1415%  181.7%

As can be seen, the effectiveness € of the radiator is quite small, as well as the number of transfer units (NTU). Even
though hgng, dfins and dyype were optimized within appropriate constraints, length, width and height were fixed
according to ram air duct volume constraints. Without these constraints, a longer radiator with a smaller frontal
area would potentially result in a higher effectiveness, while also reducing Wgyt. Alternatively, the inclination
angle of the radiator in the ram air duct can be reduced to achieve a similar result. However, this may yield an
increase in pressure drop due to the increased fin length. Also, the increased NTU due to increased € may result
in a higher mass of the radiator. Concluding, increasing radiator effectiveness is a trade-off between duct width,
radiator mass, and ram air pressure drop, each parameter having an effect on payload by impacting drag or weight.

Furthermore, as discussed in Sections 5.6.3 and 5.6.6, the radiator is oversized for top-of-climb and cruise conditions.
Heat transfer coeffcients (Uyir and Uc) are within the expected range as discussed in Section 4.4.1.

Intercooler Performance

The geometry of the intercooler per engine is summarized in Table 5.12.
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Table 5.14: Intercooler geometry specifications for one engine.

Parameter Value | Parameter Value
Length [m] 0.80 | Niins [-] 6904
Width [m] 0.49 | Niubes [-] 5475
Height [m] 041 | Nsections [-] 24
hfins [mm] 6.6 dﬁns [mm] 1.6
tins [mm] 0.15 | diype [mm] 35
Frube [Mmm] 0.15 | Mass [kg] 37.5

As can be seen in Table 5.14, when comparing the dimensions of the intercooler with those of the nacelle (WXH =
0.8x1.4, Section 3.5.3), the intercooler should fit within the nacelle. Still, it must be verified whether this is actually
feasible in combination with other subsystems.

Performance of the intercooler across different operating conditions is shown in Table 5.15. Notably, effectiveness
and NTU are much larger than for the radiator (Table 5.13), as the frontal area-to-length ratio is lower for the
intercooler (0.25 vs. 2.77). However, air mass flow is also much larger in the radiator (see Table 5.11), further
reducing heat transfer effectiveness. As air is the limiting side of both the radiator and intercooler, a lower mass
flow will result in lower Cymin, increasing NTU and € (see Appendix A.2).

Table 5.15: Intercooler performance parameters across different mission phases for one engine.

Parameter Take-off Top-of-climb  Cruise
NTU [-] 3.26 1.96 3.57
Effectiveness € [-] 0.960 0.856 0.971
Uair [W/m?] 98.3 102.1 100.5
U Aqir [kW] 7.3 7.5 6.9
Apair [KPa] 0.50 1.22 0.60
U [W/m?] 425 421 423
UA. [kW] 125 124 11.5
Ape [KPa] 2.32 3.02 2.27
QOrc [kW] 116.6 2432 1314

Hydrogen Heat Exchanger

The hydrogen heat exchanger geometry for one engine can be found in Appendix B.1. Note that the hydrogen heat
exchanger is sized for one engine. The heat exchangers to warm up the hydrogen stream are assumed to be placed
in a separate circuit per engine, for safety considerations. As discussed in Section 2.4.3, these heat exchangers must
not be placed in parallel.

To assess to what extent the hydrogen heat exchanger (H2HX) can be used to reject heat from the fuel cell and
intercooler and evaporate and heat the hydrogen supply to the fuel cell, heat rejection percentage is defined as:

OQHoHX
OQmoux|[%] = =—=——=—=—-100% (5.3)
Qrc + Qic
The results for different fuel cell temperatures and pressures in cruise are shown in Figure 5.19, indicating that
different fuel cell settings do not have much influence on H2HX waste heat usage.
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Figure 5.19: Hydrogen heat exchanger waste heat usage in cruise at different fuel cell current density settings.
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The performance of the H2HX across different operating condtions is shown in Table 5.16.

Table 5.16: H2HX performance parameters across different mission phases for one engine.

Parameter Take-off Top-of-climb  Cruise
NTU [-] 6.57 4.83 6.81
Effectiveness € [-] 0.996 0.988 0.997
Up, [W/m?] 1195.2 1839.3  1046.1
UAm, [kW] 4.0 6.2 3.5
App, [kPa] 37 9.3 2.8
U. [W/m?] 4778.9 4621.3  4309.6
UA [kW] 5.6 5.5 5.1
Apc [kPa] 0.9 0.9 0.9
Qmonx [kW] 119.4 197.1 100.4
Qmonx [%] 9.6% 7.5% 9.2%

As can be seen in Table 5.16, the percentage of heat rejected to the hydrogen heat exchanger is a little bit higher than
expected in Section 2.4.3 (7.5%). While waste heat usage of the H2HX is <10%, it should be mentioned that for
instance the cooling power required for the powertrain is not included in the model. This could be as large as 340
kW, given the power in top-of-climb (3.9 MW) and overall powertrain efficiency (91.24%). Since waste heat usage
for the H2HX then drops by a marginal amount (to 7.1%), using waste heat for hydrogen fuel conditioning can be
considered an efficient strategy to manage a portion of the overall thermal load.

Furthermore, U is just higher than the upper bound of the expected range for forced convection using liquid water
as coolant (800 - 3000 W/m?) [178]. It makes sense that water-eglycol 40/60 has a slightly better heat transfer
coefficient than water. The average hydrogen heat transfer coefficient Uy, is slightly smaller than in the verification
model 4.4.2.
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5.7. Design Improvements

To improve the performance of the propulsion system, the impact of small modifications to the baseline design
solution or mission are analyzed. The effect of modifications achieved by exploiting state-of-the-art technology is
assessed in Section 5.7.1. Then, the combined effects of these technological modifications as well as the impact of
technological advancements expected for 2030 are analyzed in Section 5.7.2.

5.7.1. Design Modifications Based on Current Technology

The impact of a few design improvements is assessed, based on what is currently possible. This does therefore not
yet include technology projections for coming years. The implemented variations include:

¢ A turbine is added to the air supply system (see Section 2.3.5). The power that can be extracted from the
air flow exiting the fuel cell can be approximated using the simple equations in Appendix Section A.7.
This results in a compressor power saving of 70.2% fot take-off, 72.3% in top-of-climb and 34.8% in cruise
conditions. Equation 3.27 is adapted correspondingly. As such, this will directly affect required fuel cell
power and total fuel cell mass.

¢ The rate-of-climb (ROC) can be decreased to 2.5 m/s, reducing required power from 3.9 MW to 3.17 MW in
top-of-climb conditions.

¢ The flight altitude and flight speed can be lowered slightly, increasing air density. The chosen cruise
conditions include is an altitude of /1 = 6600 m and uc = 113 m/s. Required power is reduced from 3.9MW
to 3.79MW in top-of-climb conditions and from 2.5MW to 2.16MW in cruise conditions.

* Range can be sacrificed for payload, as is done in the publication by Rietdijk and Selier (2024) [10].

The same procedure to size the propulsion system and to determine the aircraft range is applied for each modification.
This means that the propulsion system will be sized for top-of-climb conditions, while the ram air duct width is
adapted for take-off. The effects of the five design modifications on payload as a function of the targeted design
range are shown in Figures 5.20a and 5.20b. The second figure expresses the relative increase in payload and
decrease in range as a percentage of the baseline design. The impact of the uncertainty in L/Dcryise On the estimated
payload, as discussed in Section 5.6.1, at each design range is also shown for each design modification. While the
uncertainty of the baseline design is added as a green semi-transparent box, the upper and lower bounds of the
uncertainty associated with each modification are indicated with dashed lines.
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Figure 5.20: Impact of modifications to the baseline design, based on current technology.

The effect on propulsion system mass, including the weight of the cryogenic hydrogen tank, of these design changes
is shown in Figure 5.21.
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Figure 5.21: Propulsion system mass mps (including tank mass) and duct width Wy, for each design modification.
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Firstly, note how the uncertainty in L/Dryise has a larger effect on payload increase or decrease than the design
modifications, highlighting the importance of obtaining the correct lift-to-drag ratio to reduce the uncertainty of
the design. The following discussion is based on the payload at average L/Dcruise = 13.6, at which a payload of
1820 kg is obtained.

The addition of a turbine results in promising improvements with respect to the baseline design. Propulsion system
mass is decreased by more than 500 kg, due to the reduction in fuel cell size required to drive the compressor in
top-of-climb conditions. Furthermore, the required duct width is reduced slightly, as the fuel cell produces less
heat at a lower power. At 1500 km, an increase in payload of 29.2%.

Halving the rate of climb reduces the fuel cell size and overall propulsion system mass. However, the resulting 3%
drop in efficiency at the same take-off power as the baseline design requires the thermal management system (TMS)
to dissipate 10% more heat under take-off conditions. This necessitates a larger duct size and increases the TMS
mass. This highlights the trade-off between reducing fuel cell size and managing heat dissipation during take-off,
a trade-off also observed in the baseline design. Moreover, payload capacity falls below the baseline due to an
increase in tank mass. The smaller fuel cell operates less efficiently during cruise, increasing fuel consumption.
This suggests that the current fuel cell settings, which were assumed to match those of the baseline design, may
not be optimal. Designing the fuel cell for a lower power density could improve efficiency. While this adjustment
would slightly increase the fuel cell size, it could enhance overall performance. However, halving the rate of climb
doubles the climb time from 25 to 50 minutes, increasing cruise time by 13% (excluding the distance traveled during
climb). It is worth noting that the climb phase could be divided into multiple segments starting at a higher rate
of climb. For comparison, the DHC-8 Q300 performs its climb in three phases, with an initial climb rate of 1200
ft/min (approximately 6 m/s) and a final climb rate of 1000 ft/min (5 m/s).

Reducing flight altitude and speed has only marginal effects on the propulsion system mass, while payload
increases by just 7.4%. However, duct size also increases due to the same heat dissipation requirements observed
when reducing the rate of climb. Although further reductions in flight altitude could lower the fuel cell mass,
they would also necessitate a wider duct. At an altitude of 6600 m, flight time is already extended by 12%, which
further increases operational time. In the regional aircraft sector, longer flight times are generally not a compelling
alternative, making this approach less viable.

Decreasing range has significant effects on payload, increasing the viability of retrofitted turboprop aircraft as a
sustainable alternative at smaller distances. Halving the range to 750 km increases payload by about 60.4% to 3118
kg. This is in close agreement with predictions by Rietdijk and Selier, with a difference in estimated payload of
less than 1% [10]. However, it is unknown which mass estimates are used by Rietdijk and Selier. Also, estimated
fuel weight is a bit lower (40 kg), while estimated propulsion system mass is 20 kg larger. Additionally, mass for a
potentially required battery, high-voltage electronics and thermal management and air supply system tubing were
for instance not included, which can add O(100 kg).

Aside from these modifications, it is assessed whether ram air drag can be reduced efficiently. The following two
parameters can be adapted:

¢ In climb and cruise conditions, the ram air inlet area could be decreased using adaptable inlet ramps,
narrowing the inlet area. These kind of inlets have been widely implemented in supersonic aircraft such as
fighter jets and the Concorde. The increase in diffuser area ratio AR slows the air flow down, decreasing the
pressure drop in the radiator. The increase in propulsion system weight due to the actuators required to
move the panels could be outweighed by generation of a small amount of thrust in top-of-climb and cruise
conditions. An example of such a mechanism is shown in Figure 5.22. Another solution could be to integrate
extra inlet doors, that can open during take-off and the first part of climb. However, this may increase drag
more than with a well-designed variable inlet geometry.

ramp extended: reduced throat area

# bleed bypass

throat bleed

flap out:
(reduced rpm at high M)

Figure 5.22: Variable intake area mechanism. Reproduced from Sforza (2012) [182]

* Anincrease in the temperature rise of the airflow in the radiator may reduce ram air drag. The temperature
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rise could be improved when for instance a high temperature PEM fuel cell (HT-PEMFC) is implemented. HT-
PEMEC currently have a low technology readiness level (see Section 2.2), but operational temperatures might
increase to 180°C . The effect on other components is not considered. While a humidifier is potentially not
required, the coolant (water-eglycol 40/60) could potentially be boiling at the increased fuel cell temperature.
Equations are shown in Section A.8.

As presented in Figure 5.6, there is a 5°C margin for increasing the diffuser area ratio. This limits mass flow into the
ram air duct, reducing cooling power in the radiator. Results for both modifications are shown in Table 5.17, for an
area ratio of AR = 3.0, without any other changes to the baseline design, and for a fuel cell operational temperature
of 180°C.

Table 5.17: Ram air thrust modifications in cruise conditions, for AR = 3.0 (scenario 1), Tyir,radiator = 180°C and AR = 3.0 (scenario

2)
Parameter Baseline Scenariol Scenario 2
Ram air thrust Fi yota1 [N] -2581.5 207.0 991.3
Apt air [Pa] 2290 634.9 634.9
Ufins [m/s] 323 10.33 10.33
Tair,cruise [kg/s] 29.4 10.94 10.94

As can be seen, having a variable inlet that could increase AR to 3.0 already improves thrust significantly to over
200 N total in cruise, compared to the baseline design. In case of a drastically increased operating temperature in
the radiator, achievable with a HT-PEM fuel cell, combined with the increased AR, ram air thrust is almost tripled.

While this remains a small amount of thrust compared to the 14 kN of thrust required in take-off (4%), the snowball
effect of decreased required thrust may provide a reasonable increase in payload. Also, the lift-to-drag ratio is
certainly affected, decreasing required cruise fuel mass, thereby increasing payload further.

While thrust is only estimated in cruise, it should be noted that the ram air duct is also oversized in top-of-climb.
Although to a lesser extent than during cruise, the aircraft can certainly benefit from an increasing AR during climb.

5.7.2. System Improvement by Combined Modifications and Technological Ad-
vancements Expected for 2030

To visualize the impact of the solutions described in the previous section when combined, the analysis is repeated.
System sizing is performed for top-of-climb conditions, while the ram air duct width is increased to provide
sufficient cooling in take-off off-design conditions.

When combining the modifications that have a large effect and are currently feasible, it can be estimated to what
extent payload and range can be increased for a DHC-8 Q300 retrofitted with a LH2FCE propulsion system. The
following modifications with large effects are evaluated together:

¢ A turbine is added in the air supply system to reduce compressor power and save fuel cell mass.
¢ A variable inlet diffuser with AR = 3 is used in cruise to generate a small amount of thrust.

The resulting system configuration is indicated in the following as "Improved Design". Moreover, to analyze the
impact of technological innovations expected for 2030, the following assumptions regarding component performance
are made:

¢ Specific power of the fuel cell. Currently a value of 2.04 kW /kg is obtained for the modeled fuel cell stack in
top-of-climb conditions. Although Schréter mentions 2.4 kW /kg [17], this value is not reached as power
density is not necessarily maximized, as fuel cell efficiency drops in that case. According to predictions by
the Aerospace Technology Institute, fuel cell specific power may increase to 9 kW /kg by 2030 (see Section
2.2). This assumes HT-PEM technology.

* Specific power of the electric motors: while this is currently estimated at 17 kW /kg based on a publication
by MIT, this may increase to 23 kW /kg by 2030 (see Section 2.6).

* Specific cooling power of the heat exchangers might be increased towards 10 kW /kg by 2030 (see Section 2.2).
This is enabled by HT-PEM techology with an increase in the temperature difference between the coolant of
the FC stack and the ambient.

¢ Gravimetric efficiency of the liquid hydrogen tanks may increase significantly up to 61% by 2030. Estimations
are based on large integral tanks, while replacing metal vacuum-insulation walls with composite material
(see Section 2.5).

These technological advancements are based on a newly designed conceptual regional aircraft and not a retrofitted
DHC-8 Q300 [49]. Table 5.18 reports the main assumptions made for the "Improved Design" test case as well those
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of a scenario called "Design 2030" where the propulsion system configuration of the "Improved Design" scenario
benefits of the technological advancements listed above.

Table 5.18: Comparison of Improved Model results with technological advancements expected for 2030 [54, 146, 66, 139].

Parameter Improved Design  Design 2030
Fuel cell specific power [kW /kg] 2.04 9
Electric motor specific power [kW /kg] 17 23
Radiator specific cooling power TO [kW /kg] 4.03 10
Intercooler specific cooling power TOC [kW /kg] 2.78 10
H2HX specific cooling power TOC [kW /kg] 2.22 10
Cryogenic tank gravimetric efficiency [%] 23 61

To model 'Design 2030, the 'Improved Model’ design parameters will be used as reference. Only the effect of
a reduction in system mass is accounted for. A reduction in required duct width can be estimated using the
technological advancement in radiator specific cooling power for take-off conditions, and the constraints for radiator
volume (see Section 3.3):

= v = 0.61- 0.65 - Wy duct
Mradiator = Pradiator * Yradiator = Pradiator * V.01 - V.00 * Wqyct co 5(9)

Then, Wyt scales with \/zmradiator)r resulting in a reduction of 36.5%. Results for the 'Improved Design’ and
"Design 2030” test cases in terms of feasible payload and range are summarized in Figures 5.23a and 5.23b. In Table
5.19 propulsion system mass and duct width are presented for two test cases.

Table 5.19: Comparison of parameters of the ‘Baseline Design’, Improved Design’ and "Design 2030’

Parameter Baseline Design  Improved Design  Design 2030
Mps + tank [Kg] 6364 5823 2040
Wauct [m] 0.744 0.738 0.45
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Figure 5.23: Improvements of the 'Improved Model” and "Design 2030” respect to the baseline design.

First of all, note the large uncertainty in payload in Figure 5.23b due to L/Dryise being uncertain. The analysis of
both test cases is based on the average L/Dcryise = 13.6.

As can be seen, payload is increased by 33.1% for the Improved Model or about 570 kg. When range is reduced to
750 km, this budget increases to about 3300 kg, still almost 40% below the design payload of the original aircraft.
Considering that some systems were not modeled, such as a battery, tubing and high-voltage inverters (Section
3.2.3), it might be possible to reach a design range of 1500 km with approximately the payload estimated by Rietdijk
and Selier (3096 kg) [10].

For the "Design 2030’ test case, the payload budget increases beyond that of the original DHC-8 Q300, with an
increase of 14.7% for 1500 km. In the worst case, at the lower bound of the uncertainty in L/Dcryise, the gap in
payload with the reference aircraft is just about 500 kg. However, since ram air drag can be eliminated by using
a variable inlet, and as Wy, is expected to decrease due to an increase in radiator cooling power, L/Dcyyise Will
certainly be larger than the lower bound of L/Dryise- This does not even account for the increased temperature out
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of the radiator due to a higher operating temperature with HT-PEM fuel cells. As such, the viability of LH2FCE
aircraft for the regional aviation segment is becoming increasingly plausible, provided advancements in specific
(cooling) power and gravimetric efficiency continue as projected.

5.8. Discussion and Outlook

Concluding, it has been possible to size the propulsion system of a DHC-8 Q300 retrofitted with a LH2FCE
propulsion system, while determining payload and range, based on the required performance and size of the
propulsion system in take-off, top-of-climb and cruise.

While there is huge potential for LH2FCE aircraft to establish itself in regional aviation segment and provide a
sustainable alternative to kerosene powered aircraft within the coming decade, challenges remain. At the design
range of current turboprop aircraft, payload is definitely reduced with current available technology for retrofits,
due to relatively low specific power of the propulsion system. Payload is reduced by 58-77% for the selected design
solution. There is uncertainty in the L/D-ratio of the reference aircraft, causing large uncertainty in the estimation
payload reduction.

While hydrogen is a fuel with 4 times higher energy per mass than kerosene, its energy per volume is about 3
times lower. The tank volume can be reduced significantly by compressing and liquefying hydrogen, but leads to
heavy tanks. Cryogenic tanks will need to be integrated with the fuselage (integral tanks) to reduce weight and
increase payload. Whereas the engines, fuel tank and fuel systems in turboprop aircraft account for about 5.5% of
the MTOM (1048 kg), the LH> tank, fuel cell system, thermal management system and air supply system in an
aircraft retrofitted with LH2FCE propulsion system account for 34.1% of the MTOM.

Two design modifications to the baseline design solution can lead to increased performance. Firstly, adopting a
turbine in the air supply system saves compressor power: about 70% in take-off and top-of-climb conditions, and
35% in cruise. This reduces propulsion system mass and duct size, while increasing the payload by 29.2%. Still,
the gap to the original DHC-8 Q300 remains large. Furthermore, when a variable inlet geometry is implemented,
the diffuser area ratio can be increased in cruise to eliminate ram air drag. Since the ram air duct is oversized in
top-of-climb as well, the same solution can be implemented. However, since cooling power is larger in top-of-climb
than in cruise conditions, it might not be possible to increase the diffuser area ratio as much, resulting in some ram
air drag still. Including a fan in the ram air duct is therefore recommended for investigation.

However, uncertainties in determination the L/D remain, due to drag from the four ram air ducts. These are most of
all required to cool the fuel cell and balance-of-plant during take-off. Under the assumption that these ducts increase
Cp, proportionally to the frontal area, the L/Dcryjse is only decreased by about 3-5% compared to the original
aircraft. When ram air drag is taken into account in cruise, which increases Cp, according to Dram air/(qcruiseS),
L/D¢ruise may be decreased by up to 20-50%. Still, these drag calculations do not include the adverse effects of
interference drag, friction drag and propeller blockage, which could lead to a reduction in range. Nevertheless,
the large ram air drag may be partially countered by including variable duct geometry such as adjustable inlets,
generating a total thrust of about 200N in cruise. Although this is a small amount compared to overall thrust in
cruise (4%), ram air drag can be eliminated.

While reducing cruise altitude or the rate-of-climb may appear to be promising design modifications due to the
lower power requirements in top-of-climb conditions, the results were not favorable. In both cases, the fuel cell
size decreased, reducing the overall propulsion system mass. However, the smaller fuel cell proved less efficient
at dissipating thermal power during take-off, as its efficiency dropped by 3% at the same power density as the
baseline design. This reduction in efficiency led to a 10% increase in heat dissipation requirements, necessitating a
larger TMS and a corresponding increase in duct size and mass. For the reduction in rate-of-climb, payload was
actually reduced below the baseline, due to a higher fuel mass flow rate in cruise. The reduction in cruise altitude
only provided an increase in payload of 7.4%. Nevertheless, these modifications extended flight time by over 10%
in each case, making them less viable as design adjustments.

In a comparative study by Rietdijk and Selier, reaching a design range of 750 km with a payload of 3096 kg is
considered to be a viable target in the regional market [10]. Considering the exclusion of some systems (batteries,
tubing, high-voltage inverters), reaching the 1500 km design range with a competitive payload (about 3300 kg)
appears feasible for refrofits. This means at least 35 passengers can be carried, assuming a passengers weight of 84
kg [183]. A budget of 300 kg remains for the non-modeled systems.

Verification and validation of the heat exchanger models highlighted some model discrepancies (Chapter 4).
Radiator heat flux is about 10% smaller than the reference model. When this increase in thermal power is
implemented, a reduction in radiator mass may be achieved. On the other hand, H2HX mass is about 30% lower
than in the verification data. Since these effects may cancel each other out, and HX mass is only about a quarter of
the propulsion system mass (see Section 5.6.2), only the L/D-ratio effects are included in the payload and range
uncertainty.



According to estimations by the Aerospace Technology Institute [49] in terms of specific power, cooling power and
gravimetric efficiency, performance of current turboprop aircraft can definitely be reached by 2030. While the
payload budget increases by 15.9% beyond that of the DHC-8 Q300 at the same design range (1500 km), considerable
space is left for the non-modeled systems (~ 1000 kg). When this budget is not entirely filled, LH2FCE aircraft can
even outperform current turboprops by 2030. Still, this requires significant research advancements into specific
power of fuel cells (2.04 to 9 kW /kg), transition from LT-PEM to HT-PEM, increase in specific power of electric
motors (17 to 23 kW /kg), increase in cooling power of heat exchangers (2.22-4.03 to 10 kW /kg) and adoption of
composite integral cryogenic hydrogen tanks with increased gravimetric efficiency (23% to 61%).
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Conclusion & Recommendations

In this chapter, the results and discussions as presented in Chapter 5 are summarized, while answering the research
questions proposed in Section 2.7. Furthermore, some recommendations are given regarding the limitations of this
work.

6.1. Conclusion

The research question, "To what extent do fuel cell operational parameters affect payload and range?” was addressed
through sensitivity analysis of fuel cell temperature, pressure, and current density (Section 5.2). Air stoichiometry
and relative humidity were fixed to ensure valid results based on the implemented fuel cell model.

Selecting the optimal current density involves a trade-off: lower current density reduces duct width, drag, and fuel
consumption, increasing range due to improved efficiency. However, it also increases propulsion system mass,
limiting payload capacity. Similarly, optimizing temperature and pressure affects both payload and range. Higher
temperatures improve radiator heat rejection, reducing ram air mass flow and duct width, while higher pressures
enhance fuel cell efficiency, further increasing range. However, at top-of-climb conditions, temperatures above
Tirc = 85°C are less effective, as higher compressor pressure ratios increase fuel cell mass while slightly raising fuel
consumption, reducing payload capacity.

The research question, "What operating conditions constrain the preliminary design of the fuel cell balance-of-plant
architecture?’, was addressed through sensitivity analysis (Section 5.2). The propulsion system should be sized for
top-of-climb conditions due to higher fuel cell and compressor power requirements, resulting in a larger fuel cell.
After completing on-design analysis and selecting design points via a Pareto front, off-design analysis revealed that
the ram air duct must be sized for take-off conditions. At lower speeds, reduced ram air mass flow outweighs the
benefit of higher ambient pressure, leading to an oversized duct in top-of-climb. The best performing Pareto design
point showed priority for the lightest propulsion system, as opposed to the smallest duct width. In cruise, the
propulsion system remains oversized, improving efficiency and reducing fuel flow. However, specific power of the
propulsion system is reduced significantly compared to the reference turboprop, the DHC-8 Q300. A reduction in
propulsion system specific power from 1.38 kW /kg to 0.61 kW /kg in top-of-climb conditions reduces the payload
budget by 58-77%, depending on L/Dcryise- It should be noted that the remaining payload budget has to account
for passengers, cargo, crew and some auxiliary systems that are not included in the weight analysis, such as a
battery, high-voltage inverters and tubing.

Further insights into the first research question on fuel cell operational parameters were provided in Sections 5.3,
5.4 and 5.5. Optimal temperature and pressure settings vary by mission phase:

¢ In top-of-climb, the optimal setting is governed by minimized system mass, at T;rc = 85°C and p;pc = 1.8
bar.

¢ In take-off conditions, the optimal setting is governed by the largest temperature difference with the ambient
air in the ram air duct, resulting in Tpc = 90°C and pypc = 2.4 bar.

¢ In cruise, the optimal setting depends on the impact on fuel cell lifetime. When decreased operational
temperature is desired to improve fuel cell lifetime and maximize payload, T;rc = 70°C and pspc = 1.25 bar
can be used. When increased relative humidity is desired for increased fuel cell lifetime, while reducing
payload marginally (20 kg), T;rc = 85°C and p;pc = 1.8 bar can be selected, resulting in ¢ o] = 98%.

The research question, "To what extent does ram air duct design affect payload and range?’, was addressed in Section 5.6.1.
Ram air drag may cause a significant decrease in lift-to-drag ratio of 5-30%, directly affecting payload at the design
range, depending on the drag calculation method and reference drag polar for the original DHC-8 Q300, for which
significant differences were reported in literature. Therefore, the uncertainty in L/D¢ryise = 10.4 — 16.8 results in
payload reduction of 58-77%. Still, these drag calculations do not include the adverse effects of interference drag,
friction drag and propeller blockage, which could further reduce payload for the design range. Also, required
shaft power was based on the L/Dcryjge of the original aircraft. While this may further reduce payload, the baseline
L/Decruise may be conservative as it was on the lower end of the uncertainty range. The ram air duct proved to be
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the only subsystem that had to be sized for take-off off-design conditions (Section 5.4). Four ram air ducts with
significant inlet area of 0.61x0.74m were required to cool the radiator adequately at low airspeed and mass flow.
As a result, the ducts are oversized duct for top-of-climb and cruise conditions, requiring adequate coolant flow
regulation or reduced air flow through the radiator.

The potential to reduce airflow through the ram air ducts in cruise provided the opportunity to answer the research
question, "To what extent can a small amount of thrust be generated from the ram air duct?’ in Section 5.7.1. A variable ram
air inlet, increasing AR to 3.0, eliminated ram air drag and increased ram air thrust to over 200 N. Additionally,
an increase in air temperature out of the radiator, which may be employed when using high-temperature PEM
technology in future airborne fuel cell systems, increased ram air thrust to over 900 N.

The research question, ""To what extent can a hydrogen heat exchanger be employed to reject heat from the thermal management
system?’, was addressed in Section 5.6.6. Approximately 9% of the heat generated by the fuel cell and intercooler can
be rejected in evaporation and heating of the hydrogen fuel. This result showed minimal sensitivity to variations in
fuel cell operational temperature and pressure.

The research question, “To what extent can the addition of turbine enhance payload and range?”, was answered in Section
5.7.1. It was concluded that the addition of a turbine to the air supply system can save more than 70% compressor
power in top-of-climb and take-off conditions, reducing fuel cell mass. Additionally, about 35% compressor power
can be saved in cruise, decreasing fuel mass flow rate. Furthermore, it was determined "What modifications to
the baseline mission can improve payload and range using current technology?”. Reducing the rate-of-climb by 50%
and reducing the cruise altitude to 6600m proved to have adverse effects on duct size. While fuel cell size was
decreased, payload was decreased below the baseline for the reduction in rate-of-climb, and only increased by 7.4%
for the reduction in cruise altitude. The modifications showed to increase flight time by 10% in each case, making
them less viable as design adjustments.

The research question, "What modifications to the baseline design can improve payload and range, based on technology
projections for 2030?’, was answered in Section 5.7.2. According to projections for 2030, performance of current
turboprop aircraft can definitely be reached by 2030. This requires significant research advancements into specific
power of fuel cells (2.04 to 9 kW /kg), transition from LT-PEM to HT-PEM, increase in specific power of electric
motors (17 to 23 kW /kg), increase in specific cooling power of heat exchangers (2.22-4.03 to 10 kW /kg) and
adoption of composite integral cryogenic hydrogen tanks with increased gravimetric efficiency (23% to 61%).
The payload budget increases by about 15% beyond that of the DHC-8 Q300 at the same design range (1500 km).
Considering that this budget is partly filled with the non-modeled systems, the viability of LH2FCE aircraft for the
regional aviation segment is becoming increasingly plausible, provided advancements in specific (cooling) power
and gravimetric efficiency continue as projected.

Concluding, the main research question “"How are payload and range affected when retrofitting a turboprop aircraft with a
liquid hydrogen fuel cell electric propulsion system?” can be answered. It was concluded in Section 5.8 that payload is
decreased significantly (47-66%), when the design range is that of current turboprop aircraft (1500 km), provided
a turbine is included in the air supply system and the ram air duct has a variable inlet. However, reaching a
design range of 750 km with a competitive payload (>3000 kg, 35 passengers) appears feasible for retrofits. This
includes a budget of approximately 300 kg for excluded systems in the mass analysis, such as a battery. Additionally,
according to projections for 2030, it is plausible that performance of current turboprop aircraft can be reached by
2030.

6.2. Recommendations

While the results from lumped parameter analysis give insights on how payload and range are affected when
retrofitting a turboprop aircraft with a liquid hydrogen fuel cell electric propulsion system, limitations of the model
should be acknowledged to ensure accurate interpretation and to highlight areas for future refinement. Therefore,
some important recommendations are made.

First of all, it is recommended that the lift-to-drag ratio in cruise is determined accurately, directly affecting payload
at the design range. This required an accurate reference L/Dcryise for the original DHC-8 Q300, and a detailed drag
analysis of the ram air duct in the wake of the propeller. In this work, the effects of spillage drag, interference
drag, air inflow angle, external diffusion, skin friction drag, and reduced thrust due to propeller blockage are not
included (Section 3.3.1). Furthermore, the required shaft power Pg,¢ should be based on the thrust required
to counteract drag from the ram air duct. Adverse effects on the lift-to-drag ratio may be introduced, which is
currently estimated to be between 5 to 20% smaller than the reference aircraft. In cruise conditions, ram air drag
can be eliminated by introducing a variable inlet, increasing L/D. However, additional estimations in required
Pg¢haft and L/D should be performed for top-of-climb and take-off conditons.

Furthermore, it is recommended that additional operating conditions are added, such as initial acceleration in
take-off, before the maximum expected power point (minimum control velocity) (Section 3.2.3). It is uncertain
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whether sufficient cooling can be provided at lower power levels and lower mass flows due to decreased air velocity.
If not, initial take-off power may need to be reduced, increasing take-off distance. Also, it is uncertain whether the
aircraft is able to perform taxiing using the fuel cell system.

The model is limited to steady state analysis (Section 3.2.3). Transient analysis would allow for better fuel flow
estimates, thereby affecting range. Payload is then again affected by a change in fuel and tank mass. Furthermore,
it should be assessed whether the fuel cell can handle high transient loads, and whether the air supply system
and thermal management system can respond adequately. The importance of a battery can then be highlighted,
potentially adding significant mass.

Another mission scenario that may bring challenges is restart during cold conditions (Section 3.2.3). The freezing
point of water-eglycol 40/60 is significantly lower than water (-52.80°C), but as temperature drops below 0°C
viscosity increases to more than 20 times that of water. A dynamic analysis could highlight the response time
required to restart engines in case of a fall-out. Potentially, battery mass must be increased to provide electric
heating.

Next, it is recommended that a detailed compressor and turbine analysis is done. Firstly, it should be verified
whether a compressor can efficiently operate across the mission, at different corrected mass flow rates (0.55 -
1.34 kg/s) and pressure ratios (2.44 - 4.12). Efficiency may be maximized for top-of-climb conditions, whereas
performance may need to be slightly compromised in cruise and take-off. The operating point of top-of-climb is
centered between the other operating conditions, as discussed in Section 4.3.1.

More detailed analysis is also recommended for the heat exchanger models. The radiator, intercooler and
hydrogen heat exchanger (H2HX) models are currently based on the effective-NTU method and averaged properties.
Although model prediction are close to those of more details models (see Chapter 4), improvements can be made.
Especially in the H2HX model, hydrogen properties such as density and specific heat have non-linear behaviour as
temperature increases, an aspect that cannot be captured accurately with an e-NTU based HX model (Section 3.6.4).

Furthermore, it is recommended that a detailed fuel cell model is made. The literature data used for the current
model assumes inlet streams with slightly lower temperatures (65°C and 98% relative humidity), while the model
assumes inlet streams with a temperature equal to the fuel cell stack temperature. Additionally, the assumption that
98% relative humidity improves performance and fuel cell lifetime should be verified. Moreover, a more detailed
assessment of heat transfer in the fuel cell to the coolant is necessary, considering heat transfer coefficients, flow
characteristics, and channel geometry. The current model assumes that all heat generated by the fuel cell can be
transferred to the coolant while maintaining a constant and uniform fuel cell temperature, which may oversimplify
actual thermal behaviour.

Regarding thermal management, powertrain cooling must be addressed. Although it is estimated that the heat
load is only 8.7% compared to the fuel cell in top-of-climb conditions, this can impose additional cooling challenges.
Especially during take-off conditions, more air mass flow might be required through the ram air ducts.

Furthermore, it is recommended that adequate water management is installed to maintain high relative humidity
in the fuel cell. As discussed in 5.6.5, produced water is not sufficient to maintain balance.

Lastly, sizing of a battery is recommended. This component may be vital to support the fuel cell system under high
transient loads, such as in take-off. A battery may add significant mass, but the order of magnitude is difficult to
estimate. Also, auxiliary components such as high-voltage electronics, tubing and variable ram air inlet actuators
should be included in analysis. When the mass of these components is added to the operational empty weight of
the reference retrofit, it can be determined how many passengers such an aircraft can carry across the design range.
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Additional Equations

A.l. Calculations for Ram Air Duct Conditions

In this section the equations used for the ram air inside the ram air duct are presented. In the following sections,

subscripts Ty ;, and T ,, represent the static and total conditions, respectively.

Free-stream Conditions (1)

For free-stream conditions, the density and velocity are determined based on the Mach number.

Pt,1 = Pambients P0,1 = Pambient ,for M < 0.3 (incompressible flow)

pt1 = pam—bientil, 00,1 = Pambient - for M > 0.3 ( compressible flow)

y=lam\r1
(1 + TMl)
The static temperature, pressure, and velocity are given by:

To,1 = Tambients  P0,1 = Pambient

up,1 = M1V Y RTambient

The stagnation temperature and pressure are calculated as:
1
2
Ml)

2
0 1
Pt,1 = Pambient T P0,1 >

y —
T;‘,l = Tambient (1 + >

Inlet Conditions after Propeller (2)
The Mach number far downstream of the the propeller exit is:

Ue

VY RTambient

My =

(A1)
(A2)

(A3)

(A4)

(A.5)

(A.6)

(A7)

It is assumed that this velocity also applies at the Ram Air Duct inlet. Depending on Mj, the density and stagnation

conditions are again determined by Equation A.1.
Temperature and pressure are updated as follows:

Ti »

y=1,m2
1+ 5 M2

Top =

-1
P02 =Pt (1 + yTMg)

[y -1 2071
Tilgot = m'_Pt 2 M (1 + r—- 5 M%)

The total mass flow rate is:

100

(A.8)

(A.9)

(A.10)



Conditions after Diffuser (3)

In the ideal isentropic diffuser, the area ratio is used to solve for the downstream Mach number, M3, by solving;:

y+l

y+1 )

M -1 204D -1 T2p-D)

f(Mz) = == 14+ LM “My 1+ L= m2
Arano 2 2

Density, temperature, and pressure conditions are updated as:

P0,3 = P0,2, Pt,3=Pt2
Ti 3
Tos=——5—, us=MsyyRTos

2/
1+ 5-M;

The pressure increase after the diffuser is calculated as:

Apg = Cpressure “q2, P03 =po2+Apo
Where the (ideal) coefficient of pressure Cpressure is determined with the diffuser area ratio AR:

1

Cpressure =1- m

Conditions before Radiator (4)

(A11)

(A.12)

(A.13)

(A.14)

(A.15)

To calculate conditions at the Ram Air Heat Exchanger, we again solve the Mach number using the area ratio with

equation A.11 and update other parameters similarly. The change in flow angle is unaccounted for.

Conditions after the Radiator (5)

Due to the inclination angle of the radiator, the total pressure drop will be about 15% larger than the frictional

pressure drop between the fins (see Section A.4), as derived from Figure A.1 [115].

1.000
1.015
1.064
1.155
1.305

1.556
2.000

8 B
[ T St
o0

1.9 Face velocity
(fps)
Lo— 22
I /_1!—'»
10

f
|
|

1L/_///"//’
T ;E',’/ :
1.0 e S i IR |
0 10 20 30 40 50 60 70

Angle of bend, 8, deg

g

90

fos)
(e

Figure A.1: Variation of the pressure-drop ratio of the system with the angle of bend of the approach duct. Intercooler

height-width ratio, 0.644; standard air. Adopted from Nichols (1942) [115].

101



A.2. Effectiveness-NTU Method

This appendix provides a step-by-step explanation of the calculations and assumptions used in the effectiveness-NTU
method for the unmixed cross-flow heat exchanger, used in the Intercooler and Radiator models (see Section 3.5.3
and Section 3.6.5, respectively). Also, the equations for parallel tube heat exchanger implemented in the Hydrogen
Heat Exchanger (H2HX) model are provided 3.6.5.

The heat capacity rate for each fluid/gas is given by:

C=1m-Cpavg (A.16)
The capacity rate ratio is then defined as:
c, = Smin (A.17)
Cmax

For a condensing fluid, as modelled for H2HX verification, the heat capacity rate C = oo, giving C, = 0.
The overall heat transfer coefficient UAyyeraq is given by:

1
UAgverall = 1 1 (A.18)
(<UA>1 * (UA)z)
The number of transfer units (NTU) is calculated as:
UA
NTU = ——overall (A.19)
Cmin
The effectiveness for an unmixed-unmixed cross-flow heat exchanger is given by:
1
Cross-flow: € =1-exp (C_ -NTUY22 (exp(—Cr -NTUY78) — 1)) (A.20)
r
1- -NTU-(1+C
Parallel flow: € = exp ( ( ) (A.21)
1+C,
The heat transfer rate Q for the heat exchanger is then determined by:
Q =€ Cunin *[T1,in = To/in (A22)

A.3. Heat Transfer Coefficient and Pressure Drop in a Tube

This section details the equations used to calculate heat transfer and pressure drop in the refrigerant flow within
the tubes of a heat exchanger [167]. The area of the tube is simply Aype = 1/ 4dt2ube' The Reynolds number for the
refrigerant is calculated as follows:

B Pavg - U0,avg * dtube
= -

For turbulent flow, the friction factor is determined using the Haaland equation, which is an explicit approximation
of the Colebrook equation:

Re

(A.23)

-2
e 6.9
frurbulent = (—1-810g10 (m + R_e)) , (A.24)

where the surface roughness of the fins is assumed to be e = 3.5um [184]. If the Reynolds number is below 2300,
the Nusselt number is assumed to be:

Nu = 3.55 (A.25)
For Reynolds numbers above 2300, the Nusselt number is calculated using the Gnielinski relation:
P
Nu = @ - (Re — 1000) - ! (A.26)

12
14127 (f‘—“f'g‘le“‘) (Pr2/3 - 1)

where Pr is the Prandtl number of the refrigerant.
The heat transfer coefficient U for the refrigerant in the tube is then calculated as:

Nu- k
diube - 2

Utype = (A.27)
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where k is the thermal conductivity of the refrigerant, and the division by 2 accounts for the calculation over half
the tube wall area. The heat transfer in the tube region is calculated as:

(UA)tube = Utube * Atube * Ntubes (A.28)
For laminar flow, the friction factor is given by:
64
flaminar = Re (A.29)
A smoothing function is introduced to transition between laminar and turbulent flow:
1
o= (A.30)

1+exp (——REE(%}OO)

The overall friction factor is then computed as:

f=1~-0)" flaminar + 7 * frurbulent (A.31)

For the assumed surface roughness and a tube diameter of 1 mm, the Moody diagram with smoothing function is
visualized in Figure..

009
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Figure A.2: Moody diagram for a surface roughness of 3.5 micron and a tube diameter of 1 mm.

Finally, the pressure drop across the tube is calculated using the Darcy-Weissbach equation:

(A.32)

A.4. Heat Transfer Coefficient and Pressure Drop Between Rectan-
gular Straight Fins

This section describes the calculations for the heat transfer coefficient and the pressure drop across rectangular
straight fins in a heat exchanger [167]. The geometry of the fins is visualized in Figure A.3.
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dfins

hﬁn

Figure A.3: Fin geometry.

Heat Transfer Coefficient Between the Fins
The heat transfer area of the fins is defined as:

Afin = (dfins + hfins) - Lfin (A.33)
The Reynolds number for the fluid flow between the fins is given by:
_ Pavg - U0,avg * deff,ﬁns

Re , (A.34)
U

where the fin effective hydraulic diameter is determined by,

ddgh
docee = ins 'ting A,
eff fins 2hfins + dfins (A.35)

If the Reynolds number is below 2300, the Nusselt number is determined as:

N 755 0.024- dailrhlliss (A.36)
u =755+ .36
1+0.0358 - Pr-17. 4 064
imless
where dgimiess is the dimensionless distance defined as:
z
ddimless = g ‘Re - Pr (A.37)
n
For Reynolds numbers above 2300, the Nusselt number is given by:
P
Nu = ftusbulent | 1000 - (A.39)

8 12
1+12.7 (f—*“f‘;;‘e“‘) (Pr2/3 - 1)

The heat transfer coefficient for the fluid flowing over the fins is then calculated as:

Nu -k
fm:d

(A.39)

eff fins

where k is the thermal conductivity of the fluid. The heat transfer coefficient and pressure drop in the finned
region of the heat exchanger are calculated assuming fully developed turbulent flow. This assumption is valid
if the channel length-to-tube spacing ratio L/df,s and channel length-to-fin height ratio L/ hg,g exceed 10. The
effectiveness of the fins is calculated based on the heat transfer coefficient in the finned region:

(UA)gin = Ugin * Afin * Mfin * Niins (A.40)

where:

® g, is the convective heat transfer coefficient on the fluid side of the fins,
e Afn is the fin surface area,

® 7fip is the fin efficiency,

® Nfng is the number of fins.

The efficiency of the fins, 1y, is calculated using:

_ tanh(min - hing)

= , (A41)
Mlfin Mfin * hfins

where,
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e The fin effectiveness is defined as mg, = {’T}j
c

e The fin perimeter is defined as P = Lg, - 2 + tgp, - 2
e The cross-sectional area of the fin is defined as A¢ = Lgp, - tin

Frictional pressure drop between the fins
To calculate the frictional pressure drop across the fins, a publication by Muzychka (2004) is used [185]. First the
Reynolds number considering the entry effects:

_ Pavg " U0,avg a4 fin
L

where d 4 g, is an alternative hydraulic diameter of the fins:

dA,ﬁn = Vdfinshfins (A43)

Rep

(A42)

The dimensionless length is defined as:

L/ dA,fin
dimless = Re, (A44)
The friction factor for laminar flow, accounting for entry effects, is calculated using:
4fr
flaminar = ﬁ[: (A.45)

where fR, is obtained from the correlation:

2 2
3.44 12
fie = (m ) N (vza +e)(1 - 12 tanh(£)) (A46)

where € is defined as:

¢ = tins (A47)
hins
Just as for the friction factor in tubes, the turbulent friction factor is determined using equation A.24, and a
smoothing function is applied (equation A.31). The overall pressure drop across the fins is again calculated using
the Darcy-Weissbach equation with average density and bulk velocity (A.32).

A.5. Pressure drop and air velocity for heat exchanger in free-stream
conditions

For a radiator subjected to air flow in free-stream conditions, the pressure drop between the fins should be balanced
by the increase in static pressure before the radiator [103].

Apfins = Apo (A.48)

The increase in static pressure is driven by the difference between dynamic pressure in the free-stream and between
the fins:

APo = oo = Gfins = 1/2p00 (U3 — U ) (A.49)

fins
The pressure drop between the fins (core) consists of three parts, as shown in Figure A.4 [186]. The effect of
momentum change on pressure drop due to changes in density are neglected.

Apiotal = APentrance + APfriction + APexit (A.50)
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Figure A.4: Pressure distribution between the fins in a heat exchanger in free-stream conditions. Adapted from [186] in
consultation with [103].

This combines into the following formula, implementing entrance and exit losses of K = 1.0 and K = 0.5 [187],
respectively.

.2
Pairtfing
2
Now, there are two equations and two unknowns (Ap, ug fins) which can be solved for.

Lyx

Aptotal = | f d; + Kentrance * Kexit (A51)

A.6. Heat Transfer Coefficient and Pressure Drop for a Condensing
Fluid

The heat transfer coefficient and pressure drop for two-phase condensing flow can be determined using Shah'’s
correlation (2009) [188] and the Muller-Steinhagen and Heck correlation (1986) [189], respectively.

Heat Transfer Coefficient for Two-Phase Condensing Flow

Subscripts v refer to the vapor state of the two-phase flow, while subscripts [ refer to the liquid state. LS indicates
calculation of a parameter assuming only liquid in the tube. GT indicates calculation of the fluid assuming the total
mass flowing as a vapor.

First, mass flux G and reduced pressure preduced can be determined from,

1M1

G=—" A.52
Across, inner ( )
Preduced = - (A.53)
Perit
Then the Prandtl number Pr; g and Nusselt number Nuj g are determined using

C, -
prpg = 1 (A54)

ki
Nurg = 0.023 - Re?$ - Prdd (A.55)

Then, the parameters | ¢ Z and Regt determine the flow regime of the condensing flow. In the faster flowing
regime, heat transfer is driven by laminar film condensation.

Jo = X6 (A.56)
V&Dpol(po = pr1)
ReGT = UD (A.57)
1 % 04
Z= (} - 1) preduced’ (A’58)
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where y is the vapor quality of the flow. y = 0 for all liquid, and x = 1 for all vapor. Shah defines the following
heat transfer coefficients to be used in different regimes:

Nugg - k
ULs = IBS l
m
bt (1 38 4ip | 00580557 Preduced
1=ULs- +m : ‘u—v
1/3
_ 1(p1 = po)gk?
Uy =132 RQL;B.(M
i

Then there are two flow regimes:

if J; > 0.98- (Z +0.263)70-62

=U=1U (A59)
elseif [ < 0.98 - (Z +0.263)"%2 and Regr > 35000
=U=U;+Uny (A.60)

Pressure Drop for Two-Phase Flow
To implement the Muller-Steinhagen and Heck correlation, the pressure drop for the flow assuming pure liquid
state, and assuming pure vapor state need to be determined (see Section A.3). The combined pressure drop is then:

Ap = (Ap; +2- (Apo — App) - x) - (1= x)13 + Apy - 23 (A61)

A.7. Turbine Power

To determine the compressor power recovered by the turbine from the hot fuel cell exhaust flow, first the expansion
between fuel cell outlet and the ambient is determined [190]:

Pt,FC,out
P0,ambient

Apt turb = (A.62)

This is an idealization as the hot fuel cell air will first pass the humidifier wet side and potentially a water separator.
Also, it might not be entirely possible to expand the flow fully to ambient conditions due to different mission
conditions, requiring a pressure control valve.

-1

T turb,is = Ttin - Apt,)t/urb (A.63)

The turbine efficiency is determined similarly to compressor efficiency from polytropic efficiency [163]:

-1

1-Ap, 7
t,turb
Neurb = ——5— (A.64)
Y Tpoly
1- Apt,’curb
The isentropic enthalpy after expansion is:
Hturb,is =Hy+ Cp . Tt,turb,is (A~65)

The actual enthalpy change with turbine efficiency is then:

Hout = Hin — (Hin — Hturb,is) * Tturb (A.66)
The output total temperature is then:
Hout — H
Tt ,out = %0 (A.67)
P

The power generated by the turbine is then:
Piurb = (Hin — Hout) * "itair (A.68)
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A.8. Thrust for Increased Temperature Gradient in the Radiator

Mass flow for increased temperature gradient AT’ can be determined from:

, Qradi
Myam air = ﬁ (A.69)
Thrust is computed according to [159]:
Thozzle = Mram air (Hexit — too) (A.70)

The exit velocity from the nozzle can be determined given the static-to-total pressure ratio between stations 5 and 6,
and the total temperature at station 5.

r-1
: pos 5
Uexit = J 2CpT) 5 (1 e ) (A71)

Pressure Drop of Hydrogen from Tank to Fuel Cell

The velocity v of the hydrogen flow can be determined using the mass flow rate equation:

1t
where:
¢ ritg, = 0.04 kg/s.
* pH, = 0.2665kg/ m?3 is the density of hydrogen at p =4 barand T = 90°C,
e A= an2 is the cross-sectional area of the tube ,with d = 100mm.
Substituting the values, the steady-state velocity is calculated as:
u=19.11m/s. (A.73)
The pressure drop Ap can be determined using the Darcy-Weisbach equation [167]:
L u?
Ap:f.E.Pz ) (A.74)

where:

¢ f is the Darcy friction factor (assumed between 0.002 and 0.004),
L = 10m is the length of the tube,

d = 0.1 m is the assumed inner diameter of the tube,

p = 0.2665kg/m? is the hydrogen density,

v = 19.11 m/s is the velocity.

For a Darcy friction factor ranging from 0.002 to 0.004, the expected pressure drop across the tube would be
approximately 1860 Pa to 3720 Pa, which shows that a hydrogen tank pressure of approximately 2.5 bar is sufficient
for delivery at p = 2.4 bar and T = 90°C a tube with L = 10m and d = 10cm.
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Additional Diagrams

B.1. Hydrogen Heat Exchanger

This appendix will not be included in the publicly available version due to confiden-
tiality reasons. Please do not distribute.

Inputs:

- HXdimensions, material
T_in, p_in of fluid and rf
Rf and fluid type

Calculate HX
properties

B.2. Heat Exchanger Workflow Diagram

2-phase flow
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X, H,Hy, p, 11, Cp k,
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Figure B.1: Heat Exchanger workflow diagram.
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B.3. DHC-8 Q300 Dimensions
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Figure B.2: DHC-8 Q300 dimensions, reproduced from the Airport Planning Manual [191].
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B.4. DHC-8 Q300 Payload Range Diagram
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Figure B.3: DHC-8 Q300 payload range diagram, reproduced from the Airport Planning Manual [191].
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