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Abstract. Electrification through hydrogen-based fuel cells as well as hydrogen combustion
in gas turbines is a key strategy in aviation for achieving substantial reduction of emissions.
However, this transition presents multifaceted challenges. Besides the development and
improvement of technologies required for such hydrogen-fuelled aero engines, the safety of
hydrogen storage and distribution systems on aircraft is paramount. Challenges associated
with hydrogen in terms of its material properties, the design and selection of components for the
conditioning and distribution, as well as the system design are being presented and discussed
in this work. This includes the consideration of high diffusivity, flammability and reactivity
of hydrogen and the consequences of these traits: hydrogen embrittlement, hydrogen-induced
cracking and leakage, for instance. The challenges elaborated in this work are pertinent to both
hydrogen fuel cell-based propulsion systems and hydrogen combusting gas turbines. Design
considerations were derived and are being outlined in this work. These are transferable to
applications in other industries such as automotive and stationary power plants. The need for
novel rigorous safety protocols to enable a sustainable future in aviation is being highlighted.

1. Introduction

The severity and consequences of the greenhouse phenomenon are constantly increasing. More
and more greenhouse gases (GHG) are being emitted by the power generation, manufacturing
and transportation industries each year as the European Commission indicates [1]. In order to
constrain the impact of climate change, new methods of power generation should be implemented
to minimise and, if possible, cease to emit the GHG emissions, particularly COs. The utilisation
of green energy sources, such as sustainable fuels, hydrogen and electrical energy storage devices,
can play a pivotal role towards the ATAG Waypoints 2050 net-zero emission target [2]. Hydrogen
in particular has considerable potential as its gravimetric energy density (GED) [3] is higher than
that of other available fuels. Depending on its production and consumption approach, it may
lead to a zero carbon footprint [4]. Therefore, the means of production ought to be based
fully on green energy electricity. Different options for electrification based on hydrogen are
currently being investigated [5]. However, the implementation of hydrogen and the required
infrastructure impose several challenges that need to be considered and mitigated throughout
the design process in order to enable a safe, reliable and efficient power system. Applying the
safe design process of aviation these challenges have been derived in this work.
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2. Design Process in Aviation

To attain zero-emission flight the assimilation and deployment of novel technologies is essential.
Advancements at the aircraft, system and component level need to be pursued. However, the
ultimate aircraft product must satisfy the necessary safety and reliability requirements common
in aviation as well as comply with the certification specifications (CS) in order to obtain flight
approval. For this purpose, the European Aviation Safety Agency (EASA) proposes acceptable
means of compliance (AMC), ranging from calculations and analyses to tests. The overview
given in this paper is the result of an investigation carried out in the DLR-internal project
“HoEAT”. The authors’ focus within this project is on the design of the hydrogen supply and
distribution system for a solid oxide fuel cell-based propulsion system. The design process
applied follows the ARP 4754A [6] described in AMC 25.1309 of CS-25 [7]. The principal
approach is based on the V-model of systems engineering, as presented in the ARP 4754A [6] and
consists of a top-down design and validation phase, followed by a bottom-up verification process
after successful implementation. Furthermore, the process is accompanied by safety assessment
methods described in ARP 4761 [8] to validate the system requirements and ensure the design
is guaranteed to provide the necessary functions.

Given an initial design of the aircraft and propulsion system topology, the conceptual design
of the hydrogen system begins. In order to understand and collect all necessary requirements as
well as being able to make design decisions concerning the hydrogen architecture, all challenges
associated with hydrogen have to be considered.

3. Challenges Associated with Hydrogen

Hydrogen is the first element of the periodic table. It is a diatomic molecule and at standard
temperature and pressure (STP) it takes on a gaseous form [9]. The detection of hydrogen is
more challenging than that of other gases due to its being odorless, colorless, non-toxic and
non-metallic [9]. Compared to other fuels, hydrogen has a large GED, but a low volumetric
energy density (VED). More specifically, kerosene has a GED of 40 MJ/kg [10], while that of
hydrogen is 120 MJ/kg [3] — three times higher. However, the VED of hydrogen at STP is as low
as 0.01 MJ/L [3], while that of kerosene at STP is 34 MJ/1, [10]. When being compressed to 700 bar
the VED of hydrogen 4.7MJ/L [3] and in liquid form it is 8.5 MJ/L, [3].

3.1. Material Challenges

The utilisation of hydrogen imposes several challenges on the materials used for storage and
distribution. The physical properties of the fluid and the conditions under which it is contained
must be taken into consideration at each system level throughout the entire design process.

3.1.1.  Eztreme Hydrogen Conditions: By compressing hydrogen to 700bar at ambient
temperature the storage vessel is subjected to extreme forces [11]. The walls ought to be strong
enough to withstand the pressure and get certified as a pressure tank based on the EC79/2009
Annex III & V regulation [12]. In order to store hydrogen in a liquid state, cryogenic temperature
of 20K or less are necessary [13]. The temperature is limiting for the material selection as the
material properties must possess the capability to perform effectively under these conditions [14].
It is crucial to acknowledge that the mechanical properties of materials may undergo significant
alterations given cryogenic conditions [15], as indicated in Figures 1 and 2. Figure 1 shows that a
ductile material may become brittle due to such low temperatures. This type of embrittlement is
caused by the low temperature alone and not by the interaction with the surrounding hydrogen
itself [15]. The latter type of embrittlement will be discussed in the next section. Figure 2
illustrates that the yield stress of the materials rises as the temperature drops, while the breaking
stress remains constant. At temperatures lower than Tp the yield stress becomes higher than
the breaking stress, meaning that the material fails before reaching its yield limit.
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Figure 1: Characteristic dependency of the Figure 2: Characteristic dependency of the
absorbed energy on temperature based on yield and breaking stress on temperature
Anoop et al. [15]. based on Anoop et al. [15].

8.1.2. Hydrogen Diffusion into the Material: Hydrogen molecules and atoms are smaller than
all other gases in terms of volume at STP, enabling them to permeate through materials that are
conventionally deemed airtight [9]. Through adsorption on the surface of the material, which is in
contact with the hydrogen-rich environment, the material itself is enriched with hydrogen [16].
The molecules dissociate into hydrogen atoms, which are small enough to get absorbed into
the material [16]. Due to diffusion, the atoms advance inside the core of the material [17].
Depending on many factors two possible effects may result, as shown in Figure 3: leakage or
trapping. The former meaning that hydrogen atoms succeeded in diffusing through the material
and, thereby, escape to the atmosphere through desorption, while in the latter case the atoms
remain contained within the material [17]. These phenomena are strongly affected by pressure
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Figure 3: Schematic of permeation of hydrogen. Figure 4: Most common trap sites.

and temperature conditions. If the solubility of the material decreases while hydrogen permeates
through it, hydrogen is highly likely to get trapped [17]. Increased temperature and pressure
may lead to the leakage of trapped hydrogen atoms [17]. Traps are also referred commonly to
as wells [18], where hydrogen is bound within the crystalline structure of the material. The
most common trap sites are in between phases and grains or interfaces of precipitates, but also
voids, dislocations and any type of vacancies or imperfections in the material [16], as illustrated
in Figure 4. If the trap sites and local conditions allow it, hydrogen atoms can re-associate into
molecules inside the material as well.
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3.1.8. Hydrogen Damage Mechanisms: Hydrogen can be either trapped inside the crystalline
grid structure of the material during operation or during the manufacturing process [19]. It can
accumulate in the grain or phase interfaces and cause decohesion of the structure leading to
hydrogen embrittlement [18, 20]. This damage mechanism is responsible for the degradation of
the mechanical properties of the material, as well as loss of ductility and tensile strength [21].
The latter leads to a decrease in fracture resistance and sub-critical cracking — even at stresses
lower than the yield stress of the material [19]. Many embrittlement mechanisms have been
identified in literature [16]. Another damage mechanism is caused by formation of hydrogen
bubbles inside the material. If multiple atoms are trapped in the same void, Hy molecules are
formed, which tend to expand and create a stress field inside the material independent of external
stresses being applied [22]. Finally, an additional damage mechanism is the high temperature
hydrogen attack. Here, the chemical reaction of hydrogen — both as atoms and molecules —
with the carbon contained in the material enables the formation of methane. This phenomenon
leads to a deterioration of the mechanical properties of the material due to decarburisation
and the formation of defects caused by methane bubbles entering the lattice. It takes place at
high operational temperatures (> 600°C") and its severity corresponds with the duration of the
exposure of the material to the hydrogen-rich environment [17].

3.2. Component Challenges

In order to implement hydrogen technologies into an aircraft, novel components have to
be developed to store, condition and deliver the fuel. In addition to the aforementioned
material considerations, the components ought to be designed taking into account not only the
prevention of hydrogen damage and means of mitigating the challenges of hydrogen, but also
efficiency, compactness and reliability play an important role. For operational and economical
reasons maximising their power-to-weight ratio and component life while lowering the cost of
maintenance, must be achieved by detailed analysis of their design and off-design characteristics.

3.2.1. Liquid Hydrogen Tank: The liquid hydrogen tanks operate under cryogenic conditions.
They need to be well insulated in order to prevent heat leakage to the environment. If not
treated properly, the liquid hydrogen vaporises and the pressure inside the closed vessel increases.
Therefore, the excess gaseous hydrogen must to be used or vented-off in order to prevent a
pressure build-up resulting in catastrophic failure [13, 23]. Venting-off is not desirable as it leads
to loss of fuel but could be combined with means of boil-off capture. Moreover, it is crucial to
avoid complete depletion of fuel, as this would subject the materials to extreme thermal cycling,
resulting in shortened life for the structure. As a result not only extra fuel ought to be carried
but also the vessel itself is oversized without increasing the potential range of the vehicle.

3.2.2. Heat Exchanger: Hydrogen at STP has a much higher specific heat coefficient ¢, of
14 kJ/ig than that of air with 1kJ/kg [24], making the heat transfer more challenging. High air
flow is needed to counteract the difference in ¢, of the two media, which leads to larger component
structures, air inlets and compressor power requirements. The design is therefore significantly
different than that of an air-air heat exchanger. Moreover, the temperature difference results in
considerable changes in density. In Table 1 the density of hydrogen at different thermodynamic
states is presented to indicate the scale of the expansion phenomenon that needs to be considered.

3.2.83. Piping: If hydrogen is delivered at cryogenic temperature, the distribution pipes need
to be insulated [25]. This is necessary to prevent heat transfer as well as the condensation of
water in the surrounding air. The higher the temperature of the fuel the lower its density is.
Hence, due to the leakage of heat uncontrollable acceleration might occur, as a result of mass
conservation, or pressure will build up. Higher density fluid can be maintained with a high
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Table 1: Density of hydrogen at different thermodynamic states, as per NIST [24].

Temperature [K] 20 20 300 300 600 600
Pressure [MPa] 0.1 0.1 0.1 5 0.1 5

Phase liquid? vapor! vapor SCF? vapor SCF?
Density [kg/w?| | 713 1.2 008 392 004 198

! Saturated, 2 SCF = Supercritical fluid

pressure hydrogen delivery strategy, but this results in thicker and, therefore, heavier pipe walls.
Finally, at ambient temperature and pressure hydrogen has the lowest density, leading to a large
cross-sectional area of the pipe. This too, in the extreme, will lead to making the component
heavier and bulkier. Therefore, a trade-off study needs to be conducted in order to optimise the
delivery in terms of sizing, operation, maintenance and safety requirements.

3.3. System-level Challenges

Designing systems in aviation presents unique challenges and stringent requirements that
demand high reliability and high precision in controls. These requirements are related to
addressing the environmental conditions, to enabling operational strategies and to maximising
efficiency. Moreover, hydrogen imposes dangers, that ought to be considered during system
designing. Although it has many advantages, it may also cause catastrophic failures if not
handled appropriately.

3.8.1. Extraction Method: If hydrogen is stored in a compressed gaseous form, then by opening
the extraction valve, pressure forces the fuel into the distribution system. Hydrogen has a
negative Joule-Thompson coefficient in contrast to most gases. Therefore, its temperature
increases when it is depressurised [9]. When using liquid hydrogen, a pressure gradient needs to
be established in order for flow to occur. This is usually done either by vaporising hydrogen in the
closed tank to increase the pressure in the tank [26] or with the use of a cryogenic pump [27],
which is responsible for creating the extraction pressure needed. Both of these options are
illustrated in Figures 5 and 6, respectively.

Gaseous Liquid Hydrogen Tank

- Liquid Hydrogen Tank
Hydrogen

P : Extraction \\ / / \ \
\ [ |

pressure

M, | | |
\ ‘ |
( Heat | P:Extraction /
\ Exchanger | pressure \
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Liquid
-
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Heat flux Cryogenic Pump

Figure 5: Extraction from a liquid hydrogen  Figure 6: Extraction from a liquid hydrogen
tank using the self pressurisation method. tank using a cryogenic pump.

The self-pressurisation method requires the delivery of heat to the liquid. This heat may come
from other components of the system creating a synergy and improving the overall efficiency.
However, the strength requirement for the tank structure increases and the extraction response
time might be too long, as the vaporisation phenomenon does not occur instantaneously. The
use of a liquid hydrogen pump offers better controllability, but it requires parasitic power and
has yet to be developed for aviation applications. The pump needs to operate at 20 K with
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minimum losses in order not to produce heat or to trigger liquid hydrogen vaporisation or even
cause cavitation. Moreover, since hydrogen is always consumed in a gaseous form, the need for
vaporising liquid hydrogen somewhere in the delivery and distribution system arises.

3.8.2.  Flammability: Hydrogen in concentrations between 4vol% and 75vol% in air is
flammable and the ignition energy at STP is as low as 0.02mJ [9]. Hence, leakage might impose
catastrophic effects on the aircraft level. Hydrogen is lighter than air and can accumulate in
enclosed spaces, which leads to the potential of local concentrations within the flammability
range. Moreover, a hydrogen flame is barely visible in daylight, has low heat dissipation, creates
no fumes and the laminar flame speed is eight times higher than the flame speed of hydrocarbon-
based gases [28]. Furthermore, the stoichiometric flame temperature is greater than 2000 °C and
has a high ultraviolet index. Ventilation is very important to maintain hydrogen concentrations
below critical thresholds. There is an advantage to the character of such a fast-burning diffusion
flame, however. If a fire occurs, it is much more localised and therefore more predictable in
terms of effects on the vicinity of the flame as well as easier to control.

3.3.8.  Operational considerations: Besides the design mission requirements, the propulsion
system of an aircraft ought to be fit to handle emergency situations. A rejected take-off, the
need for reverse thrust or a reactive manoeuvre will require high gradients in power demand. This
needs to be considered for the design of the hydrogen supply system as well as the aero engine.
In particular, the extraction method and conditioning architecture of the hydrogen supply to
the engine are affected by the requirements stemming from these operational considerations.
Moreover, a supplementary extraction system can be added for such occasions or even a battery
for peak power demand. However, in that case the mass, volume and complexity of the system
increase. Therefore, the design of the hydrogen system is highly linked to the overall propulsion
system architecture design and power management strategy. Finally, hydrogen might remain
in the pipes after an unexpected steep decrease of power and under conditions, which will not
allow to return it to the tank. For such occasions the addition of an intermediary tank can be
beneficial. Moreover, it may cover the requirements of the transition from one power level to
another. Being near the engines and keeping the hydrogen at the appropriate conditions, it can
be designed to provide fuel immediately for a short period of time, until the rest of the system
reaches the new operational point.

4. Design Considerations

While hydrogen holds considerable potential as a fuel source and can enable net-zero emission
flight, its practical implementation requires numerous innovations. Hydrogen introduces multiple
challenges that demand careful consideration and means of mitigation. Traditional components
and systems are often not suitable to meet the requirements of hydrogen-powered aviation. The
demand for novel approaches and technologies to overcome these hurdles arises.

First and foremost, the material selection is one of great importance [29]. Components must
demonstrate the capability to function effectively in the harsh operating conditions imposed
by hydrogen throughout their life. These conditions may include extreme temperature and
pressure as well as hydrogen permeability and consequent effects on material properties or even
irreversible damage. It is likely that new materials as well as manufacturing and treatment
methods ought to be developed in order to realise sustainable, reliable and efficient component
designs. Moreover, different sets of test and experiments ought to be conducted throughout the
design process in order to fully understand the dangers of hydrogen, set safety mechanisms and
create the appropriate certification standards for such applications.

At the system level, a comprehensive approach encompassing prevention, detection and
mitigation of potential hazards is essential. Effective zoning should be implemented to
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isolate hydrogen from any potential ignition sources. For instance, high-voltage cables must
undergo proper insulation, regular inspection and appropriate placement within the aircraft.
Furthermore, given the difficulty in the detection of hydrogen, the integration of smart
monitoring systems is crucial. The incorporation of shut-off and check valves capable of
preventing non-favourable conditions is recommended along with a ventilation systems to
maintain hydrogen concentrations below the flammability limit. In zones of high risk of fire,
means of fire proofing certain areas and the selection of fire resistant materials may be necessary
for integration. The integration concept must be developed considering also the dissipation of
hydrogen and accumulation associated with leakage. Different scenarios of hydrogen release into
the atmosphere or a closed space based on the conditions of the fluid, the surroundings and
ventilation system are illustrated in Figure 7. Hydrogen is lighter than air and immediately
dissipates upwards, as per scenario I. However, if the upwards path is blocked, it accumulates in
the highest point and potentially diffuses to all other directions, including downwards, as shown
in scenarios IV and III respectively. Finally, if liquid hydrogen is spilled, a puddle of liquid
hydrogen forms mixed with condensed water and air, which is heavier than air itself. Then it
starts vaporising and the gas diffuses again, according to scenario IT.

A > .‘-’-.".’.-i‘. 'y
E Ventilutiony ;" o ';,
1 ok IT
I I _ i |
k= RS *n o
~ ~ Figure 7:  Considerations
T x Iv | .
© © X for hydrogen system inte-
gration concept.

As described in Section 2 the design process includes the application of safety analysis
methods described in ARP4761 [8] such as Zonal Safety Analysis (ZSA) and Common Cause
Analysis (CCA), which are of high importance for the design and validation of the integration
concept. Moreover, with the scope of increasing the overall system efficiency the utilisation of
synergies between components may be considered. However, functional dependencies can lead
to safety hazards and therefore careful examination is required.

5. Conclusions and Outlook

In conclusion, hydrogen as energy carrier is a promising candidate for achieving zero-emission
aviation and could enable groundbreaking solutions in the quest for sustainable flight. Its
inherent properties, including high gravimetric energy density, clean combustion and suitability
for use in fuel cells, are the key arguments for considering it to decarbonise the aviation
sector. However, it is crucial to acknowledge the many challenges, which need to be addressed
to establish a robust and reliable hydrogen aviation fleet. These concern hydrogen storage,
delivery, conditioning and handling inside an aircraft and on the ground. The pursuit of
zero-emission flight through hydrogen-based propulsion demands collaborative efforts from
researchers, industry and policymakers to navigate these challenges successfully. With innovative
solutions and groundbreaking designs the challenges can be surpassed to reduce the GHG
emissions of the aviation industry to a minimum or even potentially eliminate them altogether.



EASN-2023 IOP Publishing

Journal of Physics: Conference Series 2716(2024) 012001  doi:10.1088/1742-6596/2716/1/012001

References

1]

[29]

Crippa M, Guizzardi D, Pagani F, Banja M, Muntean M, Schaaf E, Becker W, Monforti-Ferrario F, Quadrelli
R, Risquez Martin A, Taghavi-Moharamli P, Koykka J, Grassi G, Rossi S, Brandao De Melo J, Oom D,
Branco A, San-Miguel J and Vignati E 2023 GHG emissions of all world countries (Publications Office of
the European Union, Luxembourg) , ISSN:1831-9424, do0i:10.2760/953332, JRC134504

Air Transport Action Group (ATAG), Second Edition: September 2021, Waypoint 2050: Balancing growth
in connectivity with a comprehensive global air transport response to the climate emergency: a vision of
net-zero aviation by mid-century.

Hepperle M 2012  FEnergy  Efficient  Technologies and  Concepts of  Operation  URL
https://elib.dlr.de/78726/

Valente A, Iribarren D and Dufour J 2020 Science of The Total Environment 728 138212 ISSN 0048-9697

de Graaf S, Bahrs V, Tarbah N and Kazula S 2023 European Aeronautics Science Network (EASN)

SAE Aerospace 2010-12 ARP4754A: Guidelines for development of civil aircraft and systems URL
https://doi.org/10.4271/ARPA7T54A

European Union Aviation Safety Agency Certification specifications and acceptable means of compliance for
large aeroplanes (CS-25)

SAE Aerospace 1996 ARP4761: Guidelines and methods for conducting the safety assessment process on
civil airborne systems and equipment URL https://doi.org/10.4271/ARP4761

Lanz W 2001 Hydrogen Properties

Hileman J I, Stratton R W and Donohoo P E 2010 Journal of propulsion and Power 26 1184—1196

Barthélémy H 2012 International Journal of Hydrogen Energy 37 17364-17372 ISSN 03603199

Official Journal of the European Union Regulation no 79/2009 of the european parliament and of the council
of 14/01/2009 on type-approval of hydrogen-powered motor vehicles, and amending directive 2007/46/ec

Aceves S M, Espinosa-Loza F, Ledesma-Orozco E, Ross T O, Weisberg A H, Brunner T C and Kircher O
2010 International Journal of Hydrogen Energy 35 1219-1226 ISSN 03603199

Sumith S and Ramesh Kumar R 2022 Proceedings of the Institution of Mechanical Engineers, Part G: Journal
of Aerospace Engineering 236 900-909 ISSN 0954-4100

Anoop C, Singh R, Ranjan R, Jayalakshmi M, Prabhu A, Tharian T and Svs N 2021 Materials Performance
and Characterization 10 20200193

Tomoki Shinko 2019 FEzperimental characterization of influence of gaseous hydrogen on fatigue crack
propagation and crack tip plasticity in commercially pure iron Phd ECOLE NATIONALE SUPERIEURE
DE MECANIQUE

Richard P Gangloff and Brian P Somerday 2011 Gaseous hydrogen embrittlement of materials in energy
technologies: Mechanisms, modelling and future developments (Woodhead Publishing in materials vol 2)
(Oxford and Philadelphia: Woodhead Pub) ISBN 9781845696733

Richard P Gangloff and Brian P Somerday 2011 Gaseous hydrogen embrittlement of materials in energy
technologies: The problem, its characterisation and effects on particular alloy classes (Woodhead Publishing
in materials vol 1) (Oxford and Philadelphia: Woodhead Pub) ISBN 9781845696733

Milos B Djukic 2022 Hydrogen embrittlement and material selection
https://www.youtube.com/watch?v=EpDTc1s51VY , Mission Hydrogen and Universitas Belgradensis

Sven Briick, Volker Schippl, Martina Schwarz, Hans-Jiirgen Christ and Claus-Peter Fritzen and Stefan Weihe
2018 Hydrogen Embrittlement Mechanism in Fatigue Behavior of Austenitic and Martensitic Stainless
Steels , DOI 10.3390/met8050339

Jonathan A Lee 2016 Hydrogen Embrittlement (NASA)

Papavinasam S 2014 Corrosion Control in the Oil and Gas Industry: Mechanisms

Al Ghafri S Z S, Swanger A, Jusko V, Siahvashi A, Perez F, Johns M L and May E F 2022 Modelling of
Liquid Hydrogen Boil-Off vol 15

National Institute of Standards and Technology 2021 Thermophysical properties of hydrogen URL
https://webbook.nist.gov/cgi/fluid.cgi?ID=C1333740Action=Page

Ibrahim Masaud Ahmed 2018 Modeling and Development of Insulation Materials in Subsea Pipelines

Stewart M and Moder J P 2016 Self-Pressurization of a Flightweight, Liquid Hydrogen Tank: Simulation and
Comparison with Experiments (Reston, Virginia: American Institute of Aeronautics and Astronautics)
ISBN 978-1-62410-406-0 , DOI 10.2514/6.2016-4674

Lutz Decker 2019 Liquid Hydrogen Distribution (Linde)

AKHYARSI O, M Sharif M F, NADA Y, Ito T and Noda S 2010 Characteristics of Gaseous and Liquid Fuel
Combustion in Laboratory-scale Furnaces vol 5

C San Marchi and BP Somerday 2012 Technical Reference on Hydrogen Compatibility of Materials



