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Abstract

Design methodologies for retrofitting are devised, and the retrofitted fuselage configuration designs
were developed and tested for crashworthiness using finite element analysis in this thesis. These
retrofits aimed to install hydrogen tanks within the fuselage, contributing to an e [cieht transition of the
aerospace sector towards hydrogen-powered aviation.

Liquid hydrogen is chosen as the fuel source for hydrogen tanks due to its high density compared
to other forms of hydrogen storage. However, storing the same amount of energy as traditional fuel
still requires four times as much volume. Therefore, installing hydrogen tanks within the fuselage is
necessary due to the low volumetric density and the relatively high flammability of liquid hydrogen.
The retrofits were carried out on a typical fuselage, the most common tube and wing aircraft section.

The chosen aircraft type was the single-aisle/short-haul aircraft, and the typical section designed
for was the F28. The designs aimed to maximize the fuel capacity within the fuselage, ensuring the
retrofitted aircraft could achieve the maximum range. The design methodology was based on practical
packing solutions commonly used in the logistics sector to transport as much fuel volume as possible
within the constraints imposed by the available volume. This approach is especially beneficial for
liquefied hydrogen tanks, considering their low volumetric density and the resulting demand for a large
volume.

The design methodology is based on packing solutions popularly employed in the transportation
and logistics sector to transport large containers of a specific shape in a constrained volume. Packing
solutions utilize tessellation, in which a plane of a certain shape is covered or filled by another shape.
This method is beneficial for hydrogen tanks since all of them will be of the same shape in a plane,
namely, a circle.

Three designs were devised based on two tank orientations. Two designs are in the lateral direction,
while the other is in the longitudinal direction. All three designs use di [erent packing solutions to
design the tank configuration with the fuselage, with the tank supports designed accordingly.

Some tank design choices were influenced by other fuel tanks and liquefied hydrogen tanks related to
regulations such as API 620. Five crashworthiness tests were conducted based on criteria outlined in
certification standards such as CS-25 or FAR-25. All designs passed the crashworthiness and fuel system
criteria, indicating their ability to meet crashworthiness certification. The crashworthiness results for
each design were compared and discussed, and observations were noted.

By loading the tanks onto the frames, longitudinal circle packing (LCP) can alter the load path
and facilitate significant friction dissipation. This helps avoid issues with a lighter fuselage, which may
not produce enough plastic deformation in the lower fuselage to correspond with the designed crash
sequence. On the other hand, LHP lacks this mechanism, leading to extreme acceleration on the tanks.
Lateral square packing (LSP) closely resembles the designed loading, follows the crash sequence as
intended, and shows the lowest average DRI despite necessitating the highest energy dissipation.

Finally, a trade-o Csludy was conducted to compare the designs based on the retrofitted aircraft’s range,

inspectability, crashworthiness, and retrofit cost estimation. LCP was selected as the best design due to
its range advantage and crashworthiness.
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Introduction

1.1. Future of Aviation

The European aviation sector faces signi cant challenges due to the ambitious goal set by the European
Commission to achieve net-zero greenhouse gas emissions within Europe by 2050. Although aviation
currently only contributes approximately 3% to global carbon emissions, projections indicate that this
gure could rise to 24% of global $ , emissions by 2050, a signi cant increase'[2)].

Figure 1.1: Solutions for aviation emissions[2].

This increase in $ » emission is attributed to a few key factors: the nonlinearity between the distance
travelled and its carbon emission, aviation activity outgrowing the e ciency improvement of the aviation
industry, and the in uence of non- $ , greenhouse emissions suchas$ ,#$ ¢, ($ & and hydrocarbon
emission[3]. Various alternatives to traditional jet turbines have been proposed to mitigate carbon
emissions, which can be categorized into three main approaches: electri cation of aircraft propulsion,

lunder emission scenario representative concentration pathways (RCPs) 2.6, which is the best emission scenario, with
aviation staying on the current tendency
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utilization of hydrogen as the primary fuel, and implementation of carbon reduction measures, as shown
in Figure 1.1. These solutions range from incremental improvements in fuel e ciency to gradually
reducing emissions to eliminating crucial greenhouse gas emissions[2].

Although the European Commission's goal is net-zero greenhouse emissions, engine electri cation and
the adoption of hydrogen fuel are required to compensate for manufacturing emissions.

1.1.1. Hydrogen-Fuelled Aviation

Hydrogen possesses the highest energy content per unit mass among all chemical fuels, with a lower
heating value (LHV) of approximately 120 MJ/kg, in contrast to kerosene's LHV of around 43 MJ/kg[4,
5]. On top of that, hydrogen-based propulsion emissions are often less polluting than conventional
alternatives such as SAF (Sustainable aviation fuel).

Hydrogen, as afuel source, emits only water vapour upon combustion, positioning it as an environmentally
benign alternative to conventional jet fuel. Hydrogen also removes the carbon in the fuel source, which
results in a near-total elimination of soot and sulfate emissions. Additionally, it is anticipated that the
emission of nitrogen oxides (#$ ) will experience a signi cant reduction in hydrogen gas turbine
applications and complete elimination in fuel cell implementations. This led to companies like Airbus
developing their ZEROe program for short- and medium-haul ights mainly covered by regional or
narrow-body aircraft. Airbus is bettingon ! » as a viable, sustainable fuel, with the aggressive goal
to reach the market by 2035[6]. Embraer with the Energia program[7], Universal Hydrogen[8], and
multiple startups are also pushing for hydrogen-powered aircraft as a main alternative to current fossil
fuel-based designs.

Figure 1.2: Airbus ZEROe turbofan

concept[6]. Figure 1.4: Embraer Energia H2 gas turbine

E50-H2GT[7].

Figure 1.3: Universal Hydrogen
Single Aisle / Narrow-body
Concepts[8].

The exceptional energy density per unit mass of hydrogen is counterbalanced by its remarkably low
density. Being the lightest element, hydrogen exhibits the lowest density among all known substances.
Gaseous hydrogen has a merely 0.0899 g/L density at standard ambient temperature and pressure.
In contrast, the air has a density of 1.225 g/L under the same conditions, while kerosene possesses a
density of approximately 800 g/L. Consequently, hydrogen storage and its implications for aircraft are
the main obstacles to the industry's adoption of hydrogen-based propulsion systems.

The two main solutions for this problem are either highly pressurizing the hydrogen into compressed
gaseous hydrogen 2 or cooling it to a cryogenic liquid state as ! ,. The aerospace industry has
favoured ! , as an alternative fuel due to its superior energy density per unit volume compared to
compressed hydrogen. This results in a reduced storage footprint and increased onboard weight for
the aircraft, which are crucial factors in optimizing fuel e ciency and performance. This will be later
discussed in chapter 2. LH2 requires about 4 times more volume than kerosene for the same energy.
On top of that, the container of liquid hydrogen will need to be cryogenic and kept safe in specialized
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storage tanks capable of insulating and preventing sloshing. Storing them in a structure that could also
be a structural component is currently impossible. This presents some problems with the storage of the
lique ed hydrogen[9].

Table 1.1: Comparison of energy carriers and storage solutions[2].

Gravimetric Energy | Volumetric Energy
Density (kWh/kg) Density (kWh/L)

Fuel 12.0 104

Jet Fuel With Storage 8.9 9.5

System

Batteries 0.3 0.8

Liquid Hydrogen 33 2.4

Potential Future Hydrogen 10-21 1.6-2.1

With Storage System

Airplanes must undergo a major redesign or retro tting to accommodate on-board hydrogen storage.
Research into concurrent design concepts has revealed several approaches. Firstly, a drastic change
in aircraft con guration, such as a Blended Wing Body (BWB) aircraft[9], would allow for substantial
storage space in the plane. Secondly, current airplanes could be retro tted to enable aircraft segments to
hold hydrogen tanks. Lastly, tube and wing aircraft could be redesigned or extended to tin hydrogen
tanks. These approaches could pave the way towards a more sustainable aviation industry, and any
one of them would require signi cantinvestments and technological advancements [5, 6, 10, 11, 12, 13, 14].

Furthermore, hydrogen storage tanks still require certi cation due to their ammability and proneness
to detonation. Liquid hydrogen fuel must be stored at cryogenic temperatures, which presents an extra
danger to the operating crew, thus requiring certi cation of hazardous materials.

Despite these hurdles, hydrogen fuel has signi cant potential advantages. It promises to aid the
aviation industry in achieving its sustainability targets and, in the long term, could result in economic
bene ts owing to its relative abundance and potential low cost.

1.2. Retro tting

A new generation of aircraft is typically introduced every 15 to 20 years to replace older models in the
same category. As the previous development cycle ended with the introduction of the Boeing 737 Max
and A320 Neo family in the market from 2014 to 2020, demand decreased as the market purchased these
aircraft; this resulted in a gap in innovation during the second half of the 2020s until demand recovered
for the next generation of aircraft.

Furthermore, the European Commission only announced its demand for climate neutrality in 2019,
which means that aircraft speci cally run on hydrogen fuel are expected to nish development no
earlier than 2035 [15]. This means that it will take the aviation industry exceedingly long periods of time
to start switching to hydrogen fuel, let alone the investment required to start a completely new project
with di culties in certi cation. Adopting this new technology is also likely to be challenging due to

the unpredictability of the market embracing this new fuel source and treating it as a replacement or
support for their existing eet.

In such a situation, retro tting the aircraft with hydrogen components and systems could be attractive,

bringing a rapid transition to hydrogen-powered aviation. This process can bring about the required

change without the need for introducing a new aircraft generation, which can be time-consuming.
By retro tting, a eet of aircraft can utilize these technologies, meet strict regulations, provide more

comfort to passengers, and enhance the company's reputation [16].

However, the retro tting process presents a multitude of challenges. It necessitates substantial
alterations to aircraft design and infrastructure and safety considerations associated with the storage
and transportation of hydrogen.
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Despite these hurdles, hydrogen fuel has signi cant potential advantages. Owing to its relative
abundance and potential low cost, it promises to aid the aviation industry in achieving its sustainability

targets and economic bene ts. It also promises to help the airport adapt its infrastructure to service and
adapt to the new demand for hydrogen fuelling facilities.

Certain regional aircraft undergo a fuselage retro t process that involves removing seats and installing
a hydrogen tank in the cabin or at the entrance area, as shown in Figure 1.5.

Figure 1.5: Integration of forward hydrogen tank and entrance area [5].

However, this retro t is a complex undertaking requiring signi cant e ort, including relocating doors

[5]. Furthermore, the design cannot be easily retro tted due to the tanks being too large to t through
the door. As a result, the fuselage must be opened, and the frames either removed or cut, signi cantly
increasing the complexity and cost of retro tting. This would also add to the certi cation e ort,
particularly when changing primary loading structures, since some parts of the frames would have to
be cut o for the installation of the larger doors, resulting in essentially a new fuselage that would need
to be recerti ed.

1.3. Crashworthiness

Crashworthiness has gained much traction in recent years due to the increased popularity of ying.
The number of departures grew from 18 million ights in 2002 to more than 30 million ights in 2019,
pre-COVID-19 pandemic. The global eet size also grew to 28,000+ aircraft, almost double that of
2002[17]. Crashworthiness is especially important when designing a new fuselage layout since a fuselage
with a crashworthiness design in mind can protect the occupants from serious harm or injury during
less fatal accidents. These accidents typically happen during the aircraft's takeo and landing when the
aircraft is experiencing low speed and low altitude. During a crash, the fuselage would elastically and
plastically deform and fracture to absorb the energy incurred upon the fuselage. The energy absorption
should occur such that the occupants do not experience severe injuries due to high deceleration impact
with the surroundings and are not exposed to toxic gases or high temperatures during and after the
crash. Furthermore, during a crash, the structure should be deformed so that a survivable volume
remains and evacuation routes are kept free.

Figure 1.6: Percentage of fatal accidents and onboard fatalities | 2012 through 2021[17].
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