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summary

This thesis investigates the design and analysis of cryogenic liquid hydrogen storage tanks in the con-
text of aircraft retrofit. Hydrogen propulsion offers significant potential for achieving zero emissions in
aviation, but its adoption introduces challenges related to safe and efficient storage.

The research focuses on comparing single-wall and double-wall tank architectures, assessing their
ability to meet stringent operational, thermal, and structural performance requirements. In the prelim-
inary assessment of a tank design’s viability, two key performance requirements are cruise time and
dormancy time. A minimum cruise time of 20 minutes ensures the tank can support basic flight opera-
tions, while a dormancy time of 1 day ensures no hydrogen loss occurs if the aircraft remains stationary
for an extended period, accounting for potential delays.

The methodology to calculate cruise time involves determining the maximum time the aircraft can
remain in the cruise phase based on the inner tank dimensions, fill ratio, and mission profile. The
dormancy time is the time required for the tank pressure to reach the venting pressure, at which point
hydrogen must be released, and is calculated by implementing a thermodynamic model that simulates
the tank’s dynamic behavior over time, accounting for heat inflow from the external environment.

The evaluation of the single-wall tank reveals its simplicity and potential cost-effectiveness, but also
exposes considerable limitations in terms of thermal insulation for the specific retrofit case study. This
design approach is a viable option for larger-scale applications, where a lower surface area-to-volume
ratio reduces heat transfer and, consequently, hydrogen boil-off. However, the compact dimensions
of the tanks required for aircraft retrofitting present a significant challenge due to the inherently higher
surface area-to-volume ratio, which leads to increased thermal losses and prevents the single-wall
architecture from meeting the performance requirements imposed by this specific case study.

In contrast, the double-wall tank, equipped with a vacuum layer and multi-layer insulation (MLI),
offers improved thermal performance. The heat transfer from the external environment is significantly
reduced, allowing to preserve the cryogenic temperature of the hydrogen fuel. However, the added
complexity introduces new challenges, particularly regarding the design of the inner vessel support
system which must maintain the inner vessel’s position while accommodating thermal displacements
and managing structural loads. Assessing the heat leakage budget for the support structure is the final
critical step, as it determines the maximum allowable heat inflow through the support system, ensuring
the tank meets its dormancy time requirements while allowing for design optimization.

The thesis develops a design methodology for the inner vessel support system, balancing the need
for flexibility (to accommodate thermal contraction experienced during the first filling of the tank) with suf-
ficient stiffness (to withstand operational loads, including emergency landing conditions). This approach
involves selecting suitable materials and geometries that meet thermal requirements, while accurately
determining the support structure’s stiffness properties. Different loading scenarios, such as normal
operations and emergency landing conditions, are evaluated to analyze stresses and displacements
in both the tank and support system. Adjustments to the design are made if stress or displacement ex-
ceed safe limits. The analysis reveals that optimizing the support structure is critical for the double-wall
tank’s overall feasibility. While the double-wall design is technically viable and meets the thermal per-
formance requirements, its success depends on further refinement of the support system to minimize
heat leakage and ensure structural integrity.

The results of this study suggest that, although single-wall tanks are not suitable for this application,
double-wall tanks offer a promising solution for retrofitting aircraft with cryogenic liquid hydrogen stor-
age. Nonetheless, significant challenges remain, particularly in designing efficient support structures
that can handle the operational demands without compromising thermal performance. Future work
should focus on optimizing the support system design, exploring flexible materials, and considering
additional factors such as sloshing loads to further improve tank reliability and performance.

In general, this thesis contributes to the development of a robust methodology for the preliminary de-
sign of cryogenic hydrogen storage tanks, providing a foundation for further advancements in hydrogen-
powered aviation.
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Introduction

The aviation industry is undergoing a major transformation as it strives to meet increasingly stringent
environmental regulations and reduce carbon emissions. The shift towards alternative propulsion
systems, presents a unique opportunity to achieve sustainable, zero-emission aviation. Hydrogen-
powered aircraft have emerged as a promising solution, but their adoption faces significant technical
challenges, particularly in designing efficient and safe hydrogen storage systems suitable for aviation.
Among various storage options, cryogenic liquid hydrogen tanks present a particularly promising av-
enue for hydrogen-powered aircraft. However, these tanks introduce significant design challenges,
requiring specialized solutions to ensure safe, efficient, and reliable storage.

1.1. Purpose of this thesis

The purpose of this thesis is to develop a comprehensive methodology for modeling and designing
single-wall and double-wall cryogenic hydrogen storage tanks to meet the thermal and structural per-
formance requirements for retrofit aircraft, addressing challenges like thermal efficiency, accomodation
of thermal displacements, crashworthiness requirements, and support structure design.

The study explores the two key tank architectures (single-wall and double-wall tanks) evaluating
their performance under various operational and safety-critical conditions. The importance of this eval-
uation lies in the fact that, while the literature provides general considerations on the advantages and
disadvantages of each architecture and presents solutions for individual case studies, there is no clear
definition of the specific conditions under which each design is best suited. Therefore, a major aim of
this thesis is to define the areas of applicability for single-wall and double-wall tanks, identifying the
specific scenarios in which each design performs optimally. This analysis serves as a framework for
determining the most suitable tank architecture based on the operational demands and safety require-
ments of various contexts. Ultimately, the study provides the necessary insights to assess which design
is most appropriate for the specific retrofit case study considered.

Furthermore, this thesis aims to develop a comprehensive approach for designing the inner ves-
sel support structure in double-wall tank systems. The support structure is crucial for maintaining the
correct positioning of the inner vessel, accommodating thermal expansion and contraction, and with-
standing the structural loads experienced during flight. Since the support system must connect the
inner and outer vessels, which operate at significantly different temperatures, it presents a major chal-
lenge also in terms of minimizing heat leakage while ensuring structural integrity. This thesis seeks to
address this challenge by developing a design methodology able to effectively evaluate a broad spec-
trum of preliminary design options, allowing for approximate assessments of the thermal and structural
performance of numerous design alternatives quickly, identifying promising options before committing
to more detailed and computationally expensive analyses.

By addressing both the technical and practical aspects of hydrogen storage systems, this research
aims to expand the understanding of hydrogen propulsion in aviation while offering guidance on design
requirements for future aircraft retrofits.
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1.2. Structure of the report

This report is organized into five content chapters starting from an overview of sustainable aviation and
leading to the detailed technical analysis of hydrogen storage systems for retrofitting aircraft.

Chapter 2 introduces the context of the research through a literature study. The chapter discusses
the potential of hydrogen as an alternative to traditional aviation fuels, outlining its environmental bene-
fits and technical challenges, and introduces the specific case study considered throughout the thesis,
which involves the retrofit of a regional airliner with a cryogenic liquid hydrogen storage system.

Chapter 3 presents the single-wall tank model and the methodology to investigate the ability of the
tank to meet the performance requirements. The main question that this chapter aims to answer is
whether there is a single wall tank design suitable for the selected case study in which the material
insulation layer is able to reduce the heat flow to such an extent that the dormancy time requirement
is met and, at the same time, is not too thick so as to allow the storage of sufficient liquid hydrogen to
guarantee the minimum required cruise time.

Chapter 4 shifts focus to the double-wall tank architecture, which offers a more robust thermal
performance due to the combination of vacuum and multi-layer insulation (MLI) systems. The double-
wall tank model is described, and the methodology for evaluating its feasibility is outlined. The analysis
investigates how varying factors such as vacuum pressure, properties of MLI components, and MLI
layer density influence the tank’s ability to meet dormancy and cruise time requirements. The chapter
presents key considerations regarding the support structure of the double-wall tank and the additional
complexity it introduces.

Chapter 5 focuses on the design and analysis of the inner vessel support structure for the double-
wall architecture. The requirements for the support system are outlined and the design methodology is
presented, as well as the challenges of designing a support structure able to withstand dynamic forces,
accommodate thermal expansion, and minimize heat transfer.

Chapter 6 summarizes the key findings of the research, discusses the limitations of the single-wall
tank architecture and the potential feasibility of the double-wall tank, and highlights the importance of
the support structure design for the inner vessel, as well as the challenges it presents. Finally, Chapter
7 provides recommendations for further research.



Literature Study

The main topics that will be presented in this chapter and their interconnections are summarised in the
mind map in Figure 2.1. The aim is to help the reader follow the progression of the discussion, starting
from the broad topic of sustainable aviation and narrowing down to the specific retrofit case study. It
aims to clarify the steps taken to move from the general context to the specific topic, highlighting which
topics will be explored in more detail and which will not.
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2.1. Future of aviation
As global economies, cultures, and populations become increasingly interconnected, the aviation sector
assumes a vital function in facilitating connections between individuals and economies.

The COVID-19 pandemic brought about unprecedented challenges including a significant decline
in passenger demand and extensive financial losses for airlines and airports, but the industry is now
on a path to recovery. The insights from Boeing’s Commercial Market Outlook report for 2023-2042
[17] highlight the industry’s remarkable resilience and ability to adapt to changing market conditions.
As of 2023, the global aviation sector is steadily regaining its pre-pandemic traffic levels, with domestic
and regional markets leading the rebound, followed closely by a resurgence in international travel. The
forecast for air traffic is that it will double over the next 20 years, at a growth rate of 3.7% from pre-
pandemic levels. To accommodate future growth, airlines will receive over 42,000 new airplanes.

Similar conclusions can be drawn from the Global Outlook for Air Transport reports published by
IATA in June 2023 [3] and December 2023 [2]. The long-term outlook for air travel growth remains
robust, with expectations that demand will double by 2040, driven by a 3.4% average annual growth
rate. In this time frame, origin-destination passengers are expected to increase from around 4 billion
in 2019 to just over 8 billion by 2040.

Taking into account the growth forecasts in the aviation industry, the environmental impact of tra-
ditional kerosene-based aviation in the future becomes even more concerning. Specific matters are
engine exhaust emissions’ effects on global warming, the ozone layer, and human health.

In 2009, the aviation sector developed an ambitious climate action plan at a global level with the aim
to reduce aviation CO, emissions by 50% by 2050, as compared to the levels in 2005 [1]. This target
was aligned with the 'well below 2°C’ goal set by the Paris Agreement. However, scientific evidence
on the difference between the 2°C goal and a 1.5°C trajectory made it clear that achieving net-zero
emissions by mid-century across all sectors is a crucial step in mitigating the effects of climate change.

In December 2019, the European Commission launched the Green Deal strategy [30] to address
climate change and promote sustainability. The aim is to achieve climate neutrality within the EU by
2050 through a significant reduction of greenhouse gas emissions by at least 55% by 2030 compared
to 1990 levels. This strategy involves initiatives such as improving data collection and dissemination,
utilizing nature-based solutions, and integrating climate adaptation considerations into macro-fiscal
policies. The target of making all sectors and EU member states carbon-neutral by 2050 is even more
ambitious than those set by the Air Transport Action Group (ATAG) in 2009.

These targets testify how the aviation sector is being pushed towards decarbonization with increas-
ing pressure.

Over the past 30 years, aviation managed to improve its carbon efficiency: increased seat density,
operational and technological improvements have resulted in a 50% increase in fuel efficiency for rev-
enue passenger kilometer (number of kilometers traveled by paying passengers) [23]. This trend is
expected to continue with further flight optimization, airport taxiing, and flight routing.

Despite the advancements in energy efficiency for new commercial aircraft and engines, the pro-
jected growth in global air travel is expected to outweigh their effect. While fuel burn is decreasing
at a rate of approximately 1% per year, aircraft fleet sizes are increasing at a rate of approximately
4% per year [73]. By 2050, the aviation industry could be responsible for as much as 24% of global
C O, emissions, compared to the current 3%. Even if aircraft efficiency could increase twice as fast as
today’s pace, the prediction is that aviation would still be contributing to 19% of global emissions by
2050. Radical changes seem then necessary to meet decarbonization goals, including the exploration
of new sustainable aviation fuels and new propulsion technologies [23].

Different strategies for reducing the aviation industry’s emissions can be explored and these could
be categorized into five different approaches [73], each with varying degrees of impact on carbon
dioxide, and non-carbon greenhouse effects:

» Continued evolution: these solutions allow a partial reduction of greenhouse emissions by fur-
ther improving the existing technology. This category includes efficiency and operational improve-
ments as well as more electric aircraft.

» Net-zero: these solutions are not able to produce a reduction in gross emissions but aim to reduce
the net emissions acting on the carbon sinks attributed to that entity. Offsets and sustainable
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aviation fuels are possible strategies in this direction.

+ Electric Hybrids: these solutions offer a partial reduction in all greenhouse gas emissions by
enhancing electrification and obtaining hybrid-electric aircraft.

» Zero Carbon: these solutions allow to reduce carbon gross emissions to zero, but may emit other
greenhouse gases, as happens with hydrogen combustion.

» True Zero: these solutions zero the release of greenhouse gases during operation. Both hydro-
gen fuel cell and battery electric aircraft are in this category.

As has already been pointed out, to meet the decarbonization goals, it seems necessary to assume a
radical change from the current technology: the "true zero” strategies, having the greatest potential to
reduce emissions drastically, are the way to go even if they require fundamental re-designs of aircraft
architecture and systems.

2.2. Hydrogen-powered aircraft

Hydrogen stands out as a promising fuel for aviation due to its versatility, energy efficiency, low pollution,
and renewable status [60]. The two hydrogen propulsion systems under consideration are:

* Hydrogen combustion aircraft: thrust is generated through the combustion of hydrogen in a
modified gas-turbine engine [8]. The only difference between this technique and conventional
internal combustion is the use of hydrogen in place of fossil fuels.

» Hydrogen fuel cell aircraft: a fuel cell is a device that converts energy stored in molecules
into electricity through an electrochemical reaction [9]. It is composed of two electrodes - an
anode and a cathode - separated by an electrolyte membrane. Hydrogen enters the anode and
reacts with a catalyst, splitting into electrons and protons. Oxygen from the ambient air enters the
cathode. The protons move through the membrane to the cathode, while the electrons flow out
of the cell, creating an electrical current which can be used to power things like electric or hybrid-
electric propulsion systems. At the cathode, the protons and oxygen combine to form water. Most
advanced and suitable for aviation today are low-temperature proton-exchange membrane (PEM)
fuel cells [23].

Compared to hydrogen combustion aircraft, hydrogen fuel cell aircraft could offer increased efficiency
requiring 20-40% less fuel. Fuel cell propulsion has in fact higher energy conversion rates with effi-
ciencies of around 45-50% due to the combination of fuel cell efficiency (55%) and electric powertrain
efficiency (90%), which is better than the roughly 40% efficiency of hydrogen combustion [73]. Further-
more, there are many similarities to electric aircraft (including high-voltage/high-power cabling, power
electronics, and electric motors) which allow for compatibility with the ever-evolving electric powertrain
supply chain, as well as design considerations for maximizing the benefits of distributed propulsion.

Using hydrogen can significantly reduce greenhouse gas emissions, especially when used in fuel cell
propulsion: emissions are almost entirely limited to water vapor, eliminating CO,,NO,, CO, HC, and
soot emissions. Even though water vapor is also a greenhouse gas that could cause contrails and
Aviation Induced Cloudiness (AIC), research suggests that this is not a main concern since the pure
nature of hydrogen and oxygen electrolysis reaction in the fuel cell implies that any impurities are likely
to be minimal [73]. Further precautions can also be implemented as flying at lower altitudes to further
lessen the impact of water vapor on global radiative forcing and innovative design approaches could
allow for the storage and controlled release of water vapor.

Another advantage of utilizing hydrogen over liquid hydrocarbon fuels lies in its production process,
which involves electrolysis of water. This method can be implemented in any region with access to wa-
ter and an electrical supply, offering a versatile and potentially widespread means of production. Unlike
traditional fossil fuels, which are concentrated in specific geographical regions and require extraction
processes that are often environmentally damaging, hydrogen production through electrolysis is rela-
tively clean and can be decentralized. This decentralization of production reduces dependency on a
limited number of countries possessing carbon fossil reserves, thereby enhancing energy security and
promoting global sustainability efforts.

Hydrogen has potential beyond aviation and can be used in various industries, which may accelerate
fuel cell and storage system development, infrastructure expansion, and cost reduction. This broader
adoption could also help reduce research and development burdens for the aviation sector.
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2.2.1. Challenges introduced by hydrogen

While hydrogen offers numerous advantages as a fuel for aerospace applications, its adoption presents
major challenges: the need to develop hydrogen storage solutions that are both effective and weight-
efficient, safety challenges, and the requirement for extensive aircraft and engine redesigns.

High gravimetric energy density of hydrogen VS low volumetric energy density

One of the biggest obstacles to the development of effective and weight-efficient hydrogen storage
solutions is balancing the high gravimetric energy density of hydrogen with its low volumetric energy
density [73]. In terms of energy density on a mass basis, hydrogen has an energy content of 143
M J/kg, which is up to three times higher than that of liquid hydrocarbon fuels [54]. However, this
advantage is partially offset by the weight and complexity of the required fuel system. In terms of
energy density on a volume basis, hydrogen is significantly disadvantaged due to its low density: at
standard temperature and pressure, the density of gaseous hydrogen is only 0.0899 g/L, whereas
air has a density of 1.225 g/L and kerosene has a density of approximately 800 g/L under the same
conditions. Since uncompressed gas state hydrogen has a very low density and energy content, the
most conventional way to store it is as compressed or liquefied gas in tanks.

At present, liquid hydrogen storage provides a higher volumetric energy density compared to gaseous
storage. However, even considering liquid hydrogen state and best storage conditions, hydrogen would
require around four times more storage volume than kerosene in order to store the same amount of
energy [44]. Furthermore, hydrogen liquefies at temperatures below -250 °C: this implies the need for
cryogenic cooling, which consumes a significant amount of the stored energy, complicates tank design
with insulation and cooling systems, and adds to the complexity of lightweight yet robust storage tanks
capable of withstanding cryogenic temperatures [44].

Safety challenges

Choosing hydrogen as fuel brings also safety challenges which require special attention due to hydro-
gen’s distinctive properties in comparison to regular hydrocarbon fuels [14]. The hazards associated
with hydrogen use include physiological, physical, and chemical risks [60]. In addition to the ease of
leaking, hydrogen is more buoyant and prone to dispersion, necessitating specialized systems for both
liquid hydrogen (L H>) and gaseous hydrogen (G Hs). These systems must address the rapid vaporiza-
tion and upward dispersion of hydrogen in the event of a leak. Furthermore, hydrogen is characterised
by a wide flammability range and low ignition energy, making it highly combustible. At 1 atm and 298
K, the flammability range extends from 4% to 75% of hydrogen-to-air volumetric ratios, requiring only
7.2% of the ignition energy needed for gasoline at the same pressure and temperature conditions [28].
Unlike kerosene, which requires a specific temperature range to form a flammable atmosphere, any
release of hydrogen can potentially lead to an explosive atmosphere at much lower concentrations.
However, this risk can be reduced by the rapid ascent and dispersion of hydrogen before ignition oc-
curs. Unless the leak happens in an enclosed and poorly ventilated space, the danger is typically less
severe. On the other hand, the flames produced by hydrogen combustion are often hard to detect,
which can make firefighting more difficult. Catastrophic accidents could arise from explosives and the
fire hazard caused by the violent exothermic reactions that ignite when oxygen is present or from the
sudden depressurization of the tank due to structural failure.

The fatigue life of an L H, fuel tank can be significantly affected by fueling cycles. Low temperatures
associated with cryogenic storage can lead to embrittlement of materials, increasing their yield strength
but reducing ductility and toughness. This trade-off ultimately limits the number of cycles a material
can withstand before failure. Moreover, continuous exposure to hydrogen gas can induce hydrogen
diffusion into the material that could cause hydrogen embrittlement and hydrogen-induced cracking,
further compromising material integrity [63]. These factors pose a risk of catastrophic failure in storage
tanks and related components.

As can be deduced from the above, advancements in storage technology are essential for unlocking
hydrogen'’s full potential as a clean and efficient energy carrier.

Aircraft and engine redesigns

Hydrogen fuel cell propulsion necessitates a comprehensive overhaul of current aviation systems, in-
cluding the integration of distributed electrical propulsion systems with high voltage/high power require-
ments [73]. This transformation will require significant modifications to both the architecture and func-
tionality of aircraft to fully exploit the potential of hydrogen and fuel cells. For liquid hydrogen storage,
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tank designs must minimize heat leaks by favoring shapes with low surface area-to-volume ratios. Fur-
thermore, given hydrogen’s low volumetric energy density, it is crucial to limit the weight and drag
penalties associated with integrating hydrogen tanks into aircraft configurations.

Typically, the wings of hydrogen-powered aircraft are "dry,” meaning they do not contain fuel. This
design choice arises because wings, with their high surface area-to-volume ratios, are not ideal for
minimizing heat transfer [31]. However, the absence of fuel in the wings eliminates the load alleviation
typically provided by the weight of conventional fuel, likely leading to a heavier wing structure. The most
common configuration for hydrogen storage involves integrating tanks into the fuselage of a traditional
tube-and-wing aircraft [31]. Some designs allocate an entire section of the fuselage’s cross-section
for one or more hydrogen tanks. This approach offers the highest tank volume relative to surface
area and enables integral tank designs, where the tank’s outer surface conforms to the fuselage’s
shape. Alternatively, some designs position the tank above the fuselage along its length [31]. While
this configuration requires more insulation and incurs a weight penalty due to its longer, thinner tank
shape, it provides safety advantages. Tanks placed higher are in fact less vulnerable to debris damage
during landing and takeoff and are safer in the event of a belly landing. Moreover, positioning the tanks
above the cabin and outside the pressure vessel reduces the risk of leaks affecting the passenger area,
as any leakage is more likely to vent upward and away from the cabin.

During the transition phase from traditional fossil fuel-based propulsion systems to hydrogen-based
propulsion systems, retrofitting existing aircraft presents a viable alternative to a complete redesign. By
preserving the baseline aircraft’'s shape and primary structure, retrofitting ensures consistency in mass
distribution and structural integrity and allows for the continued use of established aerodynamics, flight
mechanics, and structural characteristics. Nonetheless, given the long lifecycle of commercial aircraft,
retrofitting serves as an effective strategy to gradually integrate hydrogen technology into the existing
fleet without necessitating immediate, large-scale redesigns.

2.3. Hydrogen storage technologies
There are several ways to store hydrogen for future use and Table 2.1 presents an overview of the main
storage solutions currently available.

Hydrogen is usually found in its gaseous form under standard atmospheric conditions and is com-
monly stored in this form at different pressure levels, with established standards of 350 bar and 700 bar
for various applications. High-pressure levels are in fact needed to achieve feasible storage volume,
but, at the same time, face constraints related to construction, cost, maintenance, and safety [54]. Al-
ternative methods such as cryogenic compression and liquid storage, as well as the use of adsorption
materials and metal hybrids, are also available. Another option is to convert hydrogen into different
chemical compounds, such as methane or ammonia, for easier storage and transportation.

The presented methods are used in various industries, but the aviation sector primarily focuses on
physically storing hydrogen in vessels due to its simplicity and widespread use.

Table 2.1: Differentiation of storage conditions for hydrogen [26]

Hs
density | Storage density
Type to store Form of storage Temperature Pressure Medium (kg/m') | (mass%) Comments
Physical storge technology | Pressurized 203 K20°C 35000 Gaseous 25-42 ~4 Low quantities, serial
700 har standard
Cryo compressed S0 K/f=223°C | 350 bar Gaseous -850 -9 High storage volume,
heavy and expensive
Cryo liquid ATEM-236°C | 3-5 har Liquid ~65 ~10 High quantities, low
pressure, standby, boil off
Hydrides storage technology | Metal hybrid Ambient Ambient Metal allay ~45-150 | -2 Heavy, expensive,
powder complex, safe
Chemical =3T3 KA 1007C | Ambient Salid or powder | ~49-105 | 1-18 Complex
Organic Ambient Ambient Liquid ~1 ~0 Safe handling heat o
release
Adsorption storage Carbon <TTK =1 (M) har Solid ~18 1-2 Storing needs high energy
technology (best) <=196 °C | (best)
MOFS <253 K/<0°C | =100 bar Solid or powder | ~5-457 1-5 Experimental expensive
(hest) (best)
Zeolite <77 K (besty'= | =100 bar Solid or powder | ~11-122 | 1-2 Safe storage heavy

=196 °C (hest)
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2.3.1. Physical storage technology

The conventional method of storing hydrogen physically is the basic technology used in the aviation
industry due to its simplicity and cost-effectiveness compared to the other options [26]. Some of the
alternatives are in fact still in the research phase and can be expensive and risky to implement.

As already mentioned in the previous section, in order to achieve a feasible storage volume for
aviation applications, hydrogen must be subjected to high pressures or cryogenic temperatures. The
storage state of hydrogen is a crucial aspect of discussion, as it affects both the hydrogen density and
the structural design of the tank. The primary options are the three blue areas highlighted in Figure 2.2:
pressurised storage (CGH,), transcritical storage (cryo-compressed), and liquid storage (L Hs).
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Figure 2.2: Storage density of hydrogen for different pressure and temperature conditions [6]

+ Compressed hydrogen: region 2. Hydrogen gas is stored at pressure that are higher than the
standard atmospheric pressure. In aviation applications, higher pressures are utilized to accom-
modate larger masses of hydrogen which allow for an extended aircraft range. However, while
higher-pressure storage allow for an increase in gravimetric and volumetric hydrogen storage
densities, it also requires stricter safety measures [37]. Two main pressure levels are commonly
employed: 350 bar and 700 bar.

» Cryogenic compressed hydrogen: region 3. Hydrogen is stored at extremely low temperatures
in a pressurized vessel (nominally at 350 bar). Even if this method allows for higher densities than
traditional liquid hydrogen storage, there are various challenges related to insulation and pre-
cautions for high-pressure accumulation that usually result in thicker vessel walls and increased
weight. The significant weight associated with these systems is in fact a notable disadvantage
for aviation applications, making them less suitable for use in aircraft.

» Cryogenic liquid hydrogen: region 1. Hydrogen is stored at cryogenic temperatures (below -250
°C) and low pressure (around 3 bar). This method offers the highest storage density enabling to
minimize the storage size of the vessel. The risks associated with high-pressure storage systems
are mostly avoided but the main challenge is the need for reliable insulation to keep the vaporizing
due to heating low. The main disadvantages include higher energy requirements for liquefaction
and liquid hydrogen boil-off, where external heat leaks into the fuel tank and vaporizes the liquid
hydrogen due to its low boiling point.
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Since aircraft applications requires high volumetric and gravimetric storage densities, cryogenic lig-
uid hydrogen seems to be the best alternative [20]. Cryogenic liquid hydrogen tanks require only half
the volume of gaseous hydrogen tanks, which results in lighter storage systems. This is particularly
important for flights that range from short to long-haul since the airplane needs to transport several tons
of hydrogen on each trip [23]. Furthermore, the low pressures involved limit the risk of leakage and ex-
plosions, making cryogenic liquid hydrogen also safer and significantly lighter than highly compressed
hydrogen [12].

2.4. Cryogenic liquid hydrogen storage tanks

The cryogenic liquid hydrogen state is defined in a range of pressure between 0.1 and 0.4 MPa and at
temperatures below 20 K, where hydrogen exists in a saturated liquid form [25]: in a biphasic saturated
state, both liquid and gaseous phases are present, which means that L H, cannot fill the total internal
volume of the tank. The liquid and gaseous phases are in equilibrium and show the same temperature
and pressure, forming a saturated liquid-gas mixture. In this state, pressure and temperature of the
mixture are bijectively related, independent of other variables.

This chapter explores the essential aspects of cryogenic liquid hydrogen storage tank design. It be-
gins by discussing hydrogen boil-off, a significant issue resulting from heat inflow that leads to pressure
buildup in the tank and, eventually, fuel loss. Following this, considerations on the tank’s design oper-
ating pressure are presented, focusing on maintaining structural integrity and safety. The chapter then
compares integral and non-integral tanks, analyzing their impact on aircraft structure and performance
potential. The topic of hydrogen permeation is also covered, highlighting material selection challenges.
Finally, the role of safety factors in ensuring reliability and durability in tank design is addressed.

Hydrogen boil-off

The normal boiling point of liquid hydrogen is -252 °C and it is crucial to keep the temperature below this
level to prevent fuel loss and pressure buildup inside the tank. During ground operations, significant
temperature differences between the the tank’s interior and exterior (AT) can reach up to AT = 300 °C.
Heat transfer from the external environment causes a rise in the internal temperature of the tank, which
in turn causes liquid hydrogen to gasify (hydrogen boil-off) and rise to the gaseous upper region of the
LH, tank, known as the ullage [31]. This process results in an increase in pressure inside the tank.
Since cryogenic tanks are typically designed to withstand relatively low pressures, any pressure build-
up beyond the tank’s design limit must be avoided to ensure safety. Venting valves are thus crucial for
releasing excess pressure. However, this necessary venting entails the release of hydrogen boil-off,
resulting in fuel loss and reduction of the flight range.

To limit hydrogen boil-off caused by heat leakage from the external environment, the tank should be
designed with a low surface area-to-volume ratio to minimize the heat transfer into the fuel. Spherical
tanks offer the most optimal geometry for achieving this ratio, as they inherently have a lower surface
area relative to their volume. Additionally, increasing the tank’s size further improves the surface area-
to-volume ratio.

On top of this, insulation systems should be implemented to minimize heat exchange and prevent
pressure escalation [58]. An efficient and lightweight insulation system is essential for reducing LH>
boil-off while contributing minimally to the overall tank mass. The selection of insulation materials should
focus on achieving the lowest possible thermal conductivity, as this reduces steady-state heat flux and
minimizes the amount of heat that reaches the cryogenic fluid. Additionally, for long-term storage,
insulation materials with low thermal diffusivity, characterized by high specific heat, are preferred. This
ensures that thermal energy takes longer to penetrate the insulation and reach the cryogenic hydrogen,
thereby extending the time before any significant temperature rise occurs.

It is however important to consider that insulation systems impact the overall tank weight. While
additional insulation reduces heat leak and consequently lowers hydrogen boil-off, this comes at the
cost of increased insulation mass. Conversely, reducing the amount of insulation decreases the in-
sulation mass, but this is offset by the need for additional hydrogen propellant and a larger tank to
manage boil-off losses. Furthermore, the weight penalty of excessive insulation can adversely affect
the autogenous tank pressurization.

Other mechanisms that can cause hydrogen boil-off are ortho-para conversion and sloshing [70].
The ortho-para conversion of hydrogen refers to the transformation from ortho-protium hydrogen, where
the nuclear spins of atoms within the molecule align in the same direction, to para-protium hydrogen,
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where the nuclear spins point in opposite directions. At temperatures close to the hydrogen normal
boiling point, this conversion occurs spontaneously, and when normal hydrogen is converted into lig-
uid para-hydrogen, a significant amount of energy is released (exothermic reaction) [19]. Catalysts
are employed at the industrial level to accelerate the conversion of ortho-hydrogen to para-hydrogen,
preventing boil-off losses during the liquefaction of hydrogen [59]. While the use of catalysts does im-
pose an efficiency penalty due to the increased cooling load required to remove the heat generated, it
is essential for optimizing the liquefaction process. Common catalysts include diamagnetic solids like
germanium or silver, copper, various oxides such as Fe;O3 and Cr,O3, alumina-supported perovskites,
and gold nanoparticles [59].

Sloshing occurs when liquid within a tank gathers on one side and strikes the tank wall, resulting in
a hydraulic jump. This phenomenon converts the kinetic energy of the impact into thermal energy. To
prevent or reduce the effects of sloshing in aircraft fuel tanks, designers often incorporate specialized
features such as baffles and sponge-like mesh structures [56]. Baffles are internal partitions that disrupt
the fluid’s movement, dampening the oscillations and minimizing the impact of sloshing on the tank
walls. Additionally, sponge-like mesh materials are used to absorb and dissipate the energy of the
moving liquid.

Tank's design operating pressure

The tank design operating pressure is the maximum expected operating pressure (MEOP) or venting
pressure [31]. The tank walls must withstand the pressure differential between the design pressure
and the minimum atmospheric pressure experienced during aircraft flight. While lower design pres-
sures lead to lighter tank walls due to structural sizing considerations, there are two relevant factors
that demand higher design pressures. Firstly, maintaining the tank pressure above atmospheric and
cabin pressure is necessary to prevent air leakage and the formation of combustible mixtures. Addi-
tionally, a higher venting pressure allows for more LH; to boil off before venting becomes necessary.
Consequently, typical minimum operating pressures are around 1.2 bar, with venting pressures typically
ranging between 2 and 5 bar.

Integral or non-integral tanks

When designing a new hydrogen-powered aircraft architecture, tanks can be integral or non-integral
to the aircraft’s structure: while integral tanks provide fuel containment, support fuselage loads, and
act as aircraft’s structural support, non-integral tanks function solely as fuel containers, installed inside
and supported by a conventional airframe [20]. Integral tanks must conform to the shape of the aircraft,
often necessitating quite complex architecture, whereas non-integral tanks are not constrained by the
aircraft’s contours, allowing for a simpler architecture that is easier to manufacture. Theoretically, non-
integral tanks could be positioned anywhere in the aircraft and are easier to design since they do not
have to support aircraft structural loads. At the same time, integral tanks occupy the whole fuselage
cross-section, allowing for larger dimensions of the tank and, consequently, lower surface-to-volume
ratios [31]. The potential of integral tanks is superior to that of the non-integral tanks [77]: they enable
weight saving for the aircraft, achieved by using the tank wall to serve multiple load-carrying purposes.
Additionally, integral tank designs make it easier to inspect and repair both the tank/fuselage struc-
ture and insulation. In contrast, repairing non-integral tanks would necessitate their removal from the
aircraft.

In retrofit scenarios, where the baseline aircraft’'s shape and primary structure need to be preserved,
integral tanks are not a viable option due to the constraints of the existing aircraft structure. Instead,
retrofitting efforts must focus on non-integral tanks, which can be installed within the existing airframe
without significant structural alterations. These non-integral tanks are designed to pass through the
aircraft’'s doors and can be more easily adapted to fit within the existing space constraints, making
them the preferred option for retrofitting scenarios.

Hydrogen permeation

Hydrogen can penetrate materials in either aqueous or gaseous states and propagate through various
pathways, ultimately leading to material degradation and eventually failure [63]. The material selection
is crucial to limit the unwanted effects of this phenomenon [58]. In general, hydrogen permeates metals
at a slower rate than through non-metallic materials. Still, the higher density of metallic materials is a
disadvantage as it can limit aircraft payload and range. Combining composite materials and metallic
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liners could help address permeability concerns but, at the same time, it may still face potential problems
due to differences in thermal expansion coefficients between the composite wall and metallic liner. In
fact, when layering different materials, their thermal expansion coefficients should be compatible so
that induced stresses during cooling and heating do not rupture the tank. Recent efforts have explored
the use of polymeric films and coatings to act as barriers against hydrogen permeation in composite
tanks.

Safety factors

The use of safety factors ranging from 1.4 to 2.0, along with conservative material strength estimates,
poses challenges to design lightweight structures, especially when using new and advanced materi-
als [58]. Although aircraft designers have successfully managed these challenges for decades, the
complexity of characterizing materials under cryogenic conditions and the variability introduced dur-
ing manufacturing still demand careful consideration. This variability in the material characterisation
creates a wide range of material properties, requiring a significant margin between the average mea-
sured and allowable values. To address these challenges, innovative tank designs that incorporate
integrated health-monitoring techniques and reduce reliance on explicit and implicit safety factors will
be necessary. Finding the right balance between minimizing weight, enduring repeated mission cycles,
and ensuring manufacturability, inspection, and confidence in usage presents a significant challenge.

In conclusion, the design of efficient hydrogen storage tanks is a complex process that involves vari-
ous challenges such as insulation, geometry, material permeation, embrittlement, and safety issues. To
address these challenges, various studies have been conducted aiming to develop lightweight, durable,
and reliable tank structures. However, designing a hydrogen storage tank depends on the specific ap-
plication and mission requirements, making it difficult to establish universal guidelines.

In the following section, advancements, methodologies, and insights gained from previous research
efforts in the field of hydrogen tank design are presented in order to provide valuable insights into the
current state-of-the-art technologies and approaches.

2.4.1. Potential design solutions

The following parameters are crucial during the tank system design phase: mass density, thermal
conductivity, strength and toughness, coefficient of thermal expansion, stiffness, and thermal diffusivity
[58]. Each of these parameters directly influences how well the tank meets its functional requirements,
which encompass factors such as structural integrity, thermal management, and overall reliability. The
performance of the tank can be expressed as a function of these functional requirements, the geometry
of the tank, and the properties of the material from which it is constructed.

The mass density of the tank determines its weight, which affects fuel efficiency, payload capac-
ity, and maneuverability of the vehicle or aircraft that carries it. Thermal conductivity plays a crucial
role in dissipating or retaining heat, which is essential for maintaining the temperature of the stored
contents within acceptable limits. Additionally, insulation systems can face mechanical compression
(which might be caused by various factors like weight, pressure differentials, shock, vibration, dimen-
sional changes, or a combination of them) which can pose a threat to its effectiveness. A low-contact
resistance insulation system is characterised by a thermal conductivity that is sensitive to compression
loads applied to it and this is an unwanted feature in this kind of application [58]. This characteristic
is commonly found in insulation materials that achieve low thermal conductivity through the presence
of internal voids or porous structures: while these are effective in reducing thermal conductivity by
impeding heat transfer, can compress under mechanical stress, altering the material’s thermal per-
formance. The strength and toughness of the tank material are fundamental for ensuring that it can
withstand mechanical stresses, such as pressure fluctuations or external impacts, without failing. The
coefficient of thermal expansion impacts how much the tank material expands or contracts with temper-
ature changes, which is critical for preventing structural deformation or leakage. Stiffness contributes
to the tank’s rigidity, enabling it to resist deformation under load and maintain its shape. Lastly, ther-
mal diffusivity governs how quickly heat can propagate through the tank material, impacting its thermal
response time and ability to mitigate temperature gradients.

Cryogenic hydrogen tank insulation design is complex and influenced by various factors [81]. This
complexity can lead to over-sizing of insulation systems, resulting in increased system mass and po-
tential penalties for tank wall weight. Excessive insulation thickness may even require the addition of
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heat to the tank to maintain pressure above the minimum specified level and prevent air leakage [77].
Defining a specific design mission is essential to effectively address both mechanical and thermal de-
sign aspects. Pressure fluctuations within the tank depend on several mission-dependent parameters,
including heat input through insulation, initial pressure at each flight phase, remaining fuel quantity, and
engine fuel consumption rates. Thus, understanding of these factors is crucial to optimize the design
of cryogenic hydrogen tanks for their intended applications and missions.

This section addresses the key considerations in the design of storage solutions for hydrogen-
powered aircraft, specifically focusing on the selection of tank wall materials, tank wall architecture,
and insulation systems. Each of these elements plays a crucial role in ensuring the efficiency, safety,
and performance of the storage tanks used to contain liquid hydrogen.

Tank wall material

High strength, fracture toughness, stiffness, low density, and impermeability to LH, and GH, are re-
quired for tank walls. No single material is able to provide all these qualities simultaneously [77]. Fur-
thermore, the storage of liquid hydrogen requires consideration of cryogenic temperature, hydrogen
permeation, and embrittlement issues.

Fracture toughness is critical especially in cryogenic environments where the propagation of cracks
within insulation can create a leakage path, compromise thermal properties and accelerate boil-off of
fuel, which can jeopardize the success of the mission. Adopting a damage tolerant design criterion
is important to ensure that flight safety can be maintained even in the event of structural damage
of reasonable magnitude which may be caused by accidental impact, fatigue or other sources [20].
In order to achieve that, a fracture control plan should be implemented. Minimum requirements on
material fracture properties, such as fracture toughness, resistance to stress corrosion cracking, and
fatigue crack growth, should be set as well as the maximum allowable size of flaws that may be missed
during inspection and still be able to sustain the combination of operating pressure and limit loads
due to maneuvers or gusts. Undetected flaws should in fact remain sub-critical under normal service
condition to prevent catastrophic failure.

Moreover, two fracture toughness-related performance indices, namely yield-before-break and leak-
before-break, must be considered: the firstindex ensures that the material deforms stably before reach-
ing critical flaw propagation, facilitating early detection (the stress required to propagate a critical flaw
has to be greater than that to yield the material), while the second criterion focuses on detecting leaks
before catastrophic failure (maximum pressure carried would result in the stable growth of a crack just
large enough to penetrate both the inner and outer surface) [77].

Possible candidates are sought within metallic and composite materials, as these categories of ma-
terials can provide sufficient strength, acceptable low density and decent fracture properties. Table 2.2
briefly summarizes the advantages and disadvantages of various options for tank wall materials.

When it comes to choosing materials for tank walls, metals are usually preferred over compos-
ites. While composites have the potential to significantly reduce weight, they introduce uncertainties
regarding hydrogen permeation and fatigue properties, especially at cryogenic temperatures. These
uncertainties pose risks and can result in high variability in material behavior. On the other hand, metals
are better understood and offer a higher degree of predictability. Using composite materials requires
the need for extensive preliminary studies on material characteristics before practical application, which
may not be feasible for projects that has to be delivered within a few years. Although composite tech-
nology is promising, the lack of necessary information makes it difficult to use without resorting to high
safety factors, ultimately leading to increased weight and negating the advantage these materials offer.

Metals that have acceptable properties from ambient to cryogenic temperatures include austenitic
stainless steels, monels, and aluminum alloys.

In previous studies [81], [25], [36], [66], [10], [48], particular attention has been directed towards
aluminum alloys. Certain aluminum alloys demonstrate ductility at cryogenic temperatures, along with
weldability, stress corrosion resistance, high fracture toughness, and resistance to flaw growth. These
attributes make aluminum alloy a common choice for cryogenic storage tanks, especially considering
its superior strength-to-weight ratio compared to other materials compatible with cryogenic conditions
[57]. Additionally, aluminum is known to exhibit minimal susceptibility to hydrogen embrittlement.
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Table 2.2: Advantages and disadvantages of various L Hs tank wall materials [58]

Discriminators

Metallic
Advantages Well established, currently in use
Relatively low cost, easy to fabricate
Insignificant permeation, alleviating need for permeation barrier

Disadvantages Higher mass
High thermal conductivity

Composite®
Advantages Low mass
High specific strength and stiffness
Tailorable properties

Disadvantages Higher cost
Prone to permeation by hydrogen
Prone to microcracking due to constituent CTE mismatch
Potential need for barrier or liner, resulting in component CTE mismatch issues
Fabrication, processing, and joining issues

Hybrid construction”
Advantages Potential optimum design for lowest mass

Disadvantages Fabrication complexity
Higher cost
CTE nusmatch 1ssues
*CTE 1s coefficient of thermal expansion.

Tank wall architecture

The allowable shapes of hydrogen tanks are heavily dependent on their intended application, whether
they are integral or non-integral to the aircraft’s structure. Integral tanks serve multiple functions, acting
as both fuel containment units and structural supports for the fuselage. In contrast, non-integral tanks
are solely tasked with fuel storage, installed within the conventional airframe and supported indepen-
dently. This distinction in function dictates varying shape requirements and limitations.

The design of integral tanks must integrate with the aircraft’s architecture, demanding complex engi-
neering solutions tailored to the specific airframe geometry and loads. Non-integral tanks afford greater
flexibility in shape design, with options such as spherical or cylindrical configurations [58]. Spherical-
shaped tanks offer minimum surface area-to-volume ratio, effectively minimizing passive heat transfer
into the tank. However, given that the fuselage is essentially cylindrical, spherical tanks may not opti-
mize the use of the available space, potentially leaving gaps or requiring inefficient arrangements. In
contrast, cylindrical tanks, while having a higher surface area-to-volume ratio and thus greater passive
heat loads, are better suited for integration within the fuselage.

The study by Winnefeld et al. [81] proposes a mathematical approach to express the options for tank
geometries, utilizing the description of an ellipsoid as presented in Figure 2.3. This method ensures a
highly flexible geometric design, considering both ellipsoidal heads and elliptical shells.
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Figure 2.3: Nomenclature describing the geometric tank design [81]
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The shape of the tank is characterized by three dimensionless parameters: ¢ and v, which define
the ratios between the ellipsoidal axes, and ), which represents the ratio of the shell length [, to the
overall tank length I, = I, + 2b. Parameter ¢ determines the shape of the shell (circular tank shell for
¢ = 1), while parameter 1 dictates the shape of the tank heads (hemispheres for ¢) = 1). In order to
avoid having an under-constrained system, the parameter X is limited to values below 1. This parame-
terized description facilitates the assessment of multiple potential shapes and enables optimization of
the shape based on the particular case study at hand.

Two general categories for tank wall construction are single-wall and double-wall architecture [58].
The advantages and disadvantages of these two architectures are summarised in Table 2.3.

Table 2.3: Advantages and disadvantages of various liquid hydrogen storage tank wall construction architecture [58]

Discriminators

Single wall
Advantages Simple construction
Low cost

Disadvantages Limited insulation schemes
Not optimum for low weight
Not practical for longer term application

Double wall
Advantages Optimum for low weight
Allows for more insulation schemes

Disadvantages Higher cost
Complex fabrication

Single-wall architecture offers relatively simple and cost-effective solutions, but their compatibility is
limited to foam-based or similar insulation systems. Double-wall architecture presents a more versatile
approach. It may employ two structural walls with minimal physical contact, housing a high-vacuum-
based insulation system or a different kind of insulation material. Within the double-wall architecture,
the presence of both an outer and inner vessel necessitates a support system for the inner vessel to
maintain its proper positioning. This is crucial to prevent contact with the walls of the outer shell while
accommodating thermal contraction and expected G-forces in the X, y, and z directions [18].

Insulation
The primary objective is to develop an insulating system that is both highly effective and lightweight,
ensuring minimal L H» boil-off while contributing the least possible mass to the overall tank structure.

In accordance with Brewer’s specifications [20], a thermal protection system needs to fulfill certain
criteria to be effective. First, the insulation materials used should be impervious to air or have the capac-
ity to be made impermeable as this would eliminate the need for active purging to prevent cryopumping.
Additionally, these materials should be resilient against aging or cracking when subjected to repeated
thermal or mechanical stresses. They should also be able to withstand extreme exterior temperatures
and allow for easy repair or replacement as and when needed.

For an insulation system to be efficient, it needs to be characterised by low thermal conductivity, a
low thermal diffusivity and a low density [58]. Reducing thermal conductivity minimizes the steady-state
heat flux, thereby decreasing the rate of heat flow through the insulation. Similarly, minimizing thermal
diffusivity reduces the temperature increase per unit of time, effectively prolonging the time taken for
thermal energy to reach the fuel. Additionally, minimizing material density yields a lightweight solution.

Various investigations conducted on material selection for insulation in cryogenic liquid hydrogen
tanks have led to the identification of foams, aerogels, and vacuum based insulation combined with
Multi-Layer Insulation (MLI) as possessing the most desirable material properties for aerospace appli-
cations [77], [20], [58]. These materials are characterised by small thermal distortions due to their low
thermal conductivity and low thermal expansion coefficient. This characteristic is particularly desirable
as high thermal distortion may lead to a comparatively large relative displacement, inducing stress
within the insulating material that can exceed the material strength. In the event of mechanical failure,
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the thermal properties of the insulating system would be degraded leading to serious problems for the
storage system.

Advantages and disadvantages of the insulation methods considered are presented in Table 2.4,
listed in order of increasing thermal performance.

Table 2.4: Advantages and disadvantages of various insulation methods [58]

Location Discriminators
Foam
Outside Advantages  Currently in use, well established

Low cost, easy to implement
Light weight and low density

Disadvantages Limited to short duration missions because of excessive thermal conductivity
Low resistance to thermal radiation
Potential damage from environmental hazards

Inside Advantages  Low cost
Structural wall not exposed to cryogenic conditions
Reduced CTE mismatch issues of composite constituents, resulting in reduced microcracking

Disadvantages Necessitates larger structural tank wall, resulting in increased mass
Difficult to seal from eryogenic fluid
¢ Flud infiltration leads to increased thermal conductivity
¢ Potential loss of structural wall integrity
May interfere with fluid management upon failure
Aerogel
Between walls ~ Advantages  Extremely low thermal conductivity®

Disadvantages New material, not well characterized
Limited mechanical properties
Vacuum
Between walls ~ Advantages  Near zero thermal conductivity
Well established

Disadvantages Heavier tank walls required
Costly to implement and maintain
No resistance to radiation heat transfer
Near catastrophic failure upon loss of vacuum
MLI
Between walls  Advantages  Very low thermal conductivity and radiation heat transfer®
Extremely low density
Well established

Disadvantages High vacuum required
Heavier tank walls required
Costly to implement and maintain
Near catastrophic failure upon loss of vacuum
*The balance between the structural and thermal properties can be altered to optimize for the application.
"MLI is available in graded form to improve thermal properties and to reduce the density, but at a higher cost.

Foams

Low density polymer foams constitute good candidates from the conductivity and mass point of view.
Various types of open and closed-cell foams are considered [77]. Flexible open-cell thermo-formable
polyimide foams are good for insulating complex shapes since they can easily adapt to complex geome-
tries. However, they have an open-cell structure which can lead to cryo-pumping. Rigid polyurethane
and polyisocyanurate foams are not thermo-formable hence delicate, but they are still great for insu-
lation due to their properties. Rohacell closed-cell polymethacrylimide foam is both rigid and thermo-
formable, but the thermoforming process requires careful handling.

The foam insulation can be applied to the inside or to the exterior surface of the tank [77]. Applying
insulation to the inside of the tank has the advantage of keeping the tank wall at a similar temperature as
the surrounding environment, simplifying the problems of attachment and support for the tank. However,
the internal insulation must be impermeable to G H, to prevent its diffusion to the tank wall, which could
compromise its effectiveness. On the other hand, applying insulation to the exterior surface of the
tanks presents significant challenges, such as the tank structure’s significant expansion and contraction
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with L H, usage, attachment problems for structural support systems, and susceptibility to mechanical
damage. External insulation must also be impermeable to air to prevent cryo-pumping, which would
degrade its effectiveness.

Foam insulation has a successful track record in space applications, but presents some significant
barriers for the application in the aviation field. Foams present difficulties in withstanding repeated ther-
mal cycles and are prone to cracking or delaminating from the tank’s structural wall under such thermal
stress [31]. Transport aircraft are expected to fly multiple times per day and operate for extended pe-
riods between maintenance checks. This implies that the L H, tanks must cycle between cryogenic
operating conditions and ambient temperature during maintenance or storage without being damaged.
Although these insulation strategy presents lifetime and maintainability issues, foams are still taken into
account in different studies due to their potential in offering higher tank gravimetric efficiencies.

Aerogels

Low-density aerogels in a flexible fibrous matrix provide maximum longevity, relatively low heat trans-
fer, and great ease of usage. Silica aerogels excel in thermal performance as they are made up of
highly porous and low-density materials, forming an open microstructure of interconnected particles.
The combination of silica’s low thermal conductivity and the nanometer-sized pore sizes results in ex-
ceptionally low thermal conductivity. However, the same properties that make them great insulators
also make aerogels inherently fragile and brittle, making them unsuitable for load-bearing applications.
Nonetheless, research work on enhancing the mechanical robustness of aerogels while maintaining
their thermal insulation properties could make them a promising option for aircraft cryogenic insulation
in the future.

An approach involves forming composites of fibers and aerogel by incorporating a small volume
fraction (less than 5 percent) of short silica or silicon carbide fibers [58]. These fibers serve to de-
crease the transparency to thermal radiation at temperatures exceeding ambient, thereby enhancing
the thermal performance of the material, and also contribute to strengthening the aerogel. However,
this method is particularly effective when radiation serves as the main mode of heat transfer.

Vacuum based insulation

Insulation systems for cryogenic conditions which employ a vacuum environment are the most effective
way to minimize heat transfer from the surroundings to the stored cryogenic substances [46]. Known
as Dewar type tanks, the vacuum-insulated tanks feature a double-wall design with a vacuum layer
in between. The vacuum jacked of this kind of tanks is evacuated in order to reduce convective heat
transfer and residual gas conduction between L H, and external enrivonment [85].

Additional layers of reflective membranes, such as multi-layer insulation (MLI), further improve the
thermal performance of the insulation system. The combination of multi-layer insulation and a vacuum
jacket is comparable to low density foams in terms of range of densities, and can provide an apparent
thermal conductivity that is roughly two orders of magnitude lower than the best low-conductivity foams.
The MLI system employs multiple thermal radiation shields arranged perpendicular to the heat flow
direction [77]. The shields consist of alternating layers of low-emissivity metal foil (such as aluminized
or goldized Mylar or Kapton) and thin insulating spacers (which are made of materials like polyester,
glass fiber paper, silk tissue, or Superfloc separators). This configuration prevents direct metal-to-
metal contact, minimizes heat transfer through residual gas conduction by operating at vacuum levels,
and features perforated metal foils to facilitate the evacuation of residual gases during vacuum setup.
However, its performance is heavily influenced by pressure (which must remain below 13 mPa), type
of residual gas present, and layer density. The thermal properties provided by this system are highly
anisotropic and sensitive to mechanical compression.

Studies on traditional MLI have shown that heat transfer occurs mainly through solid conduction, gas
conduction, and radiation [52]. Radiation is the primary factor on the high temperature side, while solid
conduction between the radiation screens becomes significant on the cryogenic side. To address this
issue, NASA developed the Variable Density Multi-Layer Insulation (VDMLI) technique, which involves
modifying the density of the reflective and spacer layers within the MLI while maintaining the same
number of layers. This adjustment aims to decrease the spacing between reflective layers near the
hot boundary to block more heat radiation from the ambient environment and increase the spacing
between reflective layers near the cold boundary to reduce heat flux at the walls of the inner vessel of
the LH, storage tank [84].
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High-vacuum insulation coupled with multi-layer insulation HV-MLI can be considered the most

common vacuum based passive insulation system, given its wide use for storage of cryogenic liquids.
The vacuum jacket is installed between the outer vessel (warm boundary) and the inner vessel (cold
boundary), and the high vacuum (HV) function reduces the residual gas conduction and convective
heat transfer between the external environment and cryogenic liquids. The performance of this kind of
systems is influenced by multiple parameters:

Apparent Thermal Conductivity Keff, W/(m-K)

» Vacuum pressure: the performance of HV-MLI insulation system is significantly influenced by
the level of vacuum pressure. As can be deduced from Figure 2.4, when the vacuum pressure
remains below 10~! Pa, the apparent thermal conductivity of the MLI stays below 10~* W/mK.
However, as the vacuum pressure exceeds 10~! Pa, there is a considerable rise in the apparent
thermal conductivity [78]. This trend is confirmed by the behaviour of the temperature of outer
surface of MLI (T,). In fact, when the vacuum pressure remains below 10~! Pa, the heat inflow
stays almost constant implying that T, remains steady since there is also no change in ambient
temperature. However, as the vacuum pressure exceeds 10~! Pa, the total heat inflow increases
significantly causing the presence of a larger temperature difference between the outer surface
of MLI and the ambient. The trend of the heat flux is perfectly consistent to that of the apparent
thermal conductivity, as the heat load is directly proportional to the apparent thermal conductivity.
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Figure 2.4: Apparent thermal conductivity, T, and heat flux at different vacuum pressures [78]

» Layer density: the thermal performance of multilayer insulation systems is influenced by the
density of layers of the system. Heat transfer by radiation can be reduced by increasing the
number of shields, but heat transfer by solid conduction increases with increasing packing density
since the thermal contact between the radiation shields and spacers gets better [80]. These
opposing trends impose the need to evaluate what is the optimal value for the specific application.
Emissivity of the radiation shields: heat transfer by radiation is directly influenced by the emissivity
of the radiation shields. Emissivity is defined as the ratio between the energy radiated by the
surface of a material and that radiated by a perfect emitter (black body) at the same temperature
and wavelength and under the same viewing conditions. It is a dimensionless number between 0
(for a perfect reflector) and 1 (for a perfect emitter). In the current application, the energy coming
from the external ambient in the form of heat has to be reflected, so the lower the emissivity,
the higher the thermal performance of the insulation system. Usually the layers of low-emissivity
metal foil are made of materials such as aluminized or goldized Mylar or Kapton.

» Thermal conductivity of the spacer material: the transmission of heat by solid conduction through
the spacers of MLI structure is directly influenced by the thermal conductivity of the material used
for the spacers. Since thermal conductivity is a measure of the material’s ability to conduct heat,
it is beneficial to select materials with low thermal conductivity values for this specific application.

» Type of residual gas: the way in which the type of residual gas influences the MLI thermal per-
formance depends on the vacuum pressure and the respective rarefaction state of the gas. In
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intermediate and molecular regime heat transfer (high rarefaction, low-pressures), gas energy ac-
commodation coefficient (EAC) predominantly impacts MLI performance, whereas in continuum
regime (dense gas, higher pressures), performance relies more on the thermal conductivity of
the gas itself [72]. Based on the values presented in Figure 2.5 and on the results presented in
reference [72], Argon emerged as a preferable choice among residual gases due to its low EAC
and favorable apparent thermal conductivity across varied vacuum conditions. Throughout the
transition from molecular to continuum regimes, MLI with residual Argon consistently maintained
lower apparent thermal conductivity compared to other gases.

Gas Air He Ne Ar Kr Xe Ha D, N
EAC 0.85 0.0291 0.0729 0.3678 0.5016 0.7222 0.1392 02172 05098
Kgos (W/mK) 0.02412 0.1474 0.04551 0.01662 0.00888 0.00519 0.1742 0.00364 0.02428

Figure 2.5: Gas EAC and thermal conductivity [72]

The dependency of HV-MLI performance on these diverse parameters underscores the complexity
inherent in designing and optimizing this type of insulation systems. Each factor interacts with others
in intricate ways, making precise control and understanding of these variables essential for achieving
optimal thermal insulation.

2.5. Case study: Non-integral metal L H, tank

The scenario in which this thesis project takes place is the retrofit of a regional airliner intended to
be completed within a relatively short time frame (couple of years). This case study holds significant
interest as it presents an opportunity to potentially accelerate the adoption of hydrogen propulsion
technology. Retrofitting an existing aircraft entails less time and energy than designing an entirely
new architecture. It involves maintaining the baseline aircraft’'s shape and main structure, ensuring
consistency in mass distribution and structural integrity. While this approach simplifies the process, it
may not offer optimal solutions due to limitations in modifying external shapes.

Several ongoing projects are currently focused on the idea of retrofitting, as this could be the fastest
way to test the potential of this technology in aviation [15]. Partnerships between airlines, OEMs, and
hydrogen-focused startups are increasing, with a focus on retrofitting regional jets and turboprops with
hydrogen-electric propulsion systems. ZeroAvia is developing multiple hydrogen-electric powertrains
tailored for various aircraft sizes, ranging from smaller 5-20-seat aircraft to larger 40-80-seat aircraft.
Alaska Airlines is one of the operators supporting ZeroAvia: the airline is donating a Bombardier Q400
to ZeroAvia for retrofitting with a hydrogen-electric powertrain serving as a significant learning opportu-
nity for future regional jet retrofits. Universal Hydrogen has secured agreements with numerous airlines
and lessors, aiming to convert ATR 72s and Dash-8s to hydrogen power using fuel-cell technology. The
development of modular hydrogen capsule technology by Universal Hydrogen addresses critical infras-
tructure challenges associated with hydrogen transportation. Companies like AeroTEC are providing
essential engineering services and expertise. AeroTEC’s Hydrogen Aviation Test and Service Center
serves as a hub for retrofitting, flight testing, and certification of hydrogen-electric aircraft. Through
collaboration with partners like ZeroAvia and Universal Hydrogen, AeroTEC aims to streamline the
conversion process and accelerate the deployment of hydrogen-electric aviation solutions. Despite the
challenges posed by regulatory certification and technological complexities, these projects represent
a significant step towards realizing the vision of hydrogen-electric aviation. By leveraging existing air-
frames and infrastructure, retrofitting offers a pathway to reducing emissions and advancing sustainable
air travel.

Performance requirements
In the design of LH, storage systems for this case study, two performance requirements are crucial
benchmarks in the preliminary assessment of a design’s viability: cruise time and dormancy time. Meet-
ing both cruise time and dormancy time requirements is a strong indicator that a storage system design
has the potential for further detailed analysis and optimization. Conversely, the design may not be vi-
able, rendering the evaluation of more specific requirements unnecessary.

The cruise time represents the maximum time that can be spent in the cruise phase. The value
of this parameter depends on the inner dimensions of the vessel, the fill ratio, and the mission profile
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including the hydrogen mass flow rates and time durations for the different phases of the mission.
The average flight duration for a regional aircraft is approximately of 1 hour and the exact duration of
each phase of the mission (take-off, climb, cruise, descent, and landing) depends on factors like the
specific route, aircraft type, and overall mission requirements [79]. In the context of hydrogen storage
systems, a cruise time requirement of 20 minutes is considered the minimum satisfactory duration for
evaluating the viability of a design. This duration reflects the lower bound of typical cruise phases in
regional aircraft operations, ensuring that the storage system is capable of handling at least the basic
operational demands of such flights.

The dormancy time consists of the elapsed time after which the gas pressure inside the tank of
a parked non-operating vehicle reaches the set point of the relief valve and some H, must be vented
at a controlled rate. It is calculated as the time it takes to reach an internal tank pressure equal to
the venting pressure and, hence, it is a function of the maximum allowable pressure and the pressure
of stored H,. The requirement for dormancy time of 1 day is established to ensure that no hydrogen
loss occurs even if the aircraft remains stationary for an extended period. This condition is crucial to
account for potential delays or postponements of flights due to various factors such as bad weather, air
traffic, or other unforeseen circumstances.

Non-integral tank

The selection of this case study directly implies the adoption of a non-integral tank configuration. Inte-
gral tanks, which are structurally integrated into the airframe and support fuselage loads, present chal-
lenges when retrofitting existing aircraft due to the complexity of incorporating them into established
structures. The integration of an integral tank would require extensive modifications to the aircraft’s ex-
isting framework, potentially compromising its structural integrity and overall performance. Additionally,
this would add to the certification effort, especially when altering primary loading structures. In contrast,
non-integral tanks offer a more adaptable solution as they can be installed independently within the air-
craft’s existing structure without significant alterations to its external geometry. This flexibility makes
non-integral tanks particularly suitable for retrofitting projects.

As previously discussed in section 2.2.1, hydrogen requires a significantly larger volume for stor-
age compared to conventional hydrocarbon fuels. This requirement poses a challenge for integrating
hydrogen storage systems into aircraft and the most viable location for hydrogen storage systems in
an aircraft is typically within the fuselage. Due to the limited volume available within the fuselage, an
aircraft retrofit would probably result in a reduction of the space available for passengers, potentially
necessitating the replacement or rearrangement of passenger seating configurations.

Metal tank

Opting for a metal material is deemed the most viable option for a retrofit project aiming to be com-
pleted and operational within a relatively short time frame. As presented in Table 2.2, metals are typi-
cally preferred over composites when selecting materials for tank walls. While composites could offer
substantial weight reduction, they introduce uncertainties regarding hydrogen permeation and fatigue
properties, especially at cryogenic temperatures, which can result in significant variability in material
behavior. Using composite materials requires extensive preliminary studies on material characteristics
before practical application, which may not be feasible for projects with tight delivery schedules. The
lack of essential information could ultimately results in high safety factors, implying increased weight
and offsetting the advantages these materials offer.

In contrast, metals are better understood and offer a higher level of predictability. Previous stud-
ies have extensively examined various metal options, with particular attention given to aluminum alloys.
These alloys exhibit favorable properties such as ductility at cryogenic temperatures, weldability, stress
corrosion resistance, and high fracture toughness, making them suitable for cryogenic storage applica-
tions. Additionally, aluminum alloys are characterised by a superior strength-to-weight ratio compared
to other materials compatible with cryogenic conditions, further reinforcing their suitability for L H, stor-
age applications.

It's important to note the diverse range of material properties across different aluminium series, span-
ning from 1XXX to 7XXX. These properties, including weldability, strength, ductility, fracture toughness,
and susceptibility to hydrogen-induced corrosion, are affected by factors such as temperature and hy-
drogen exposure. Although most aluminum alloys are weldable, the high-strength 2XXX and 7XXX
series are generally considered non-weldable due to being precipitation hardened, with welding de-
stroying the desired microstructure and reducing the material’s strength compared to the base metal.
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However, recent advancements in welding techniques have made it possible to weld 2XXX and 7XXX
series alloys. Among the more readily weldable aluminum alloys, the 5XXX series is noted for its excel-
lent weldability, while the 6XXX series also offers good weldability but may be sensitive to weld defects.
Both the 5XXX and 6XXX series are distinguished by their favorable strength-to-weight ratios.

During cooling down to cryogenic temperatures, aluminum alloys typically exhibit increasing yield
strength and could experience the ductile to brittle transition, which reduces their impact resistance
and can lead to sudden vessel failure. Therefore, maximizing ductility and fracture toughness at the
lowest operating temperature is crucial to mitigate such risks. Furthermore, hydrogen embrittlement
poses a significant concern, particularly at room temperature, and needs to be evaluated for safe design
practices.

Single-wall or double-wall tank?

In the current case study, both single-wall and double-wall (Dewar) tank architectures are considered as
viable options. As presented in subsection 2.4.1, while single-wall designs are typically limited to foam-
based or similar insulation systems which are not able to provide the same thermal efficiency as vacuum-
based insulation systems. However, it is worth trying to understand whether this type of architecture
could be a good fit for the selected case study, precisely because of its ease of implementation and lower
cost. On the other hand, double-wall tanks with vacuum insulation offer superior thermal performance
but come with increased complexity and cost.

Inner vessel support system

In the case of double-wall tank design, the presence of both an outer and inner vessel necessitates a
support system for the inner vessel to maintain its proper positioning. This support system is essential
to prevent contact between the inner vessel and the walls of the outer shell, while also accommodating
thermal contraction and expected G-forces in all directions.

The main challenge is achieving a balance between structural integrity, thermal insulation, and
weight. The support system must be robust enough to withstand static and dynamic loads experienced
during flight maneuvers or potential impact scenarios, yet flexible enough to accommodate thermal
expansion and contraction without compromising its effectiveness. Moreover, it should minimize heat
transfer, thereby maintaining the cryogenic temperature of the fuel stored in the inner vessel while op-
erating within the constraints of space and weight limitations imposed by the aircraft’s design. The heat
transfer rate from outer to inner vessel through the support structure is influenced by the dimensions
of the supports, the thermal conductivity of the material they are made from, and the contact thermal
conductivity between them and the walls. The temperature difference between the outer and inner
vessel is around AT = 300 K so, even though the dimensions of the inner vessel supports are relatively
small, the heat flux through them cannot be neglected [34].

The inner tank-supporting structure materials should then be characterised by a combination of
high strength and low thermal conductivity [75]. Metals could offer high strength but also high thermal
conductivity. Composites offer low weight, high specific strength, and tailorable properties, making
them ideal for high-performance applications. On the downside, they are expensive, can have high
permeation rates, and pose challenges with CTE mismatch and connection strength. Polymers are
lightweight and have low conductivity, making them suitable for insulation purposes. However, they
can be costly for high-strength applications, have high permeation rates, and generally exhibit poor
mechanical properties compared to metals and composites.

In literature, a few design options concerning the design of support structures for double-wall tank
configurations have been identified and are presented below. The proposed solutions are sparse and
seem to be mainly defined for specific applications. There appears to be a lack of comparative study
conducted among the different design options and their implications on tank performance for different
case studies.

In the study conducted for the HYDRA-2 Drone [18], a double-wall metal LH; tank with vacuum
based insulation has been developed. The support of the inner vessel is provided by the combination
of structural supports and spring suspension placed longitudinally at both ends of the cylindrical inner
vessel as presented in Figure 2.6. A glass fiber composite material known as G-10 CR is utilized
for constructing rods due to its favorable thermal conductivity-to-strength ratio, specifically tailored for
cryogenic applications. The spring suspensions are employed to counteract g-forces in the x direction,
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allowing limited displacement to prevent excessive piping deformation. The design ensures that any
displacement of the inner vessel remains within the elastic deformation range of the hydrogen piping,
while also maintaining the vessel’s centered position during cooling.

L =550 mm

Conditioning
Sy?lfl]‘l
D = 160 mm 1. LH2 9. Inner shell
2. Vacuum wall 10. Outer shell
3. Over-pressure safety pipe 11, Spring suspension
4. LH2 inlet pipe 12. Structural supports
5. GH2 outlet pipe 13. Heater element
6. Eleetric feedthrough 14. Check valve
7. MLI 15. Burst disc
8, Vacuum lock

Figure 2.6: System schematic of the L Ha storage vessel designed for the HYDRA-2 drone [18]

Similar solutions are provided in two other studies conducted for unmanned aerial vehicles (UAV).

The LH, storage system designed for the Genii UAV [4] features the cryogenic tank suspended
within the vacuum tank using G-10 rods at each end to minimize conduction heat loads. One rod
remains rigid, while the other consists of two nested sleeves containing a high compression spring. This
spring applies a force to maintain the relative position between the two cylinders while accommodating
thermal contraction and expansion.

The design of a6 L L H, storage system [33] involves two concentric lightweight aluminum cylinders
with high vacuum and multi-layer insulation in between. The inner vessel is suspended by two axial
support G-10 CR pipes at each end of the cylinder, preventing contact with the outer shell.

The design proposed in reference [75] is a double-wall aluminum tank characterised by low density
polyurethane foam as insulating material. The inner tank receives axial support from two continuous
PEEK tubes and radial support from a staggered configuration of PEEK tubes mounted on a PEEK ring
with an I-shaped cross-section as presented in Figure 2.7.

Figure 2.7: Diagram of the finalized tank: tank walls in blue, stiffening members in grey, inner tank supports in yellow and foam
insulation in orange [75]

The design proposed in reference [83] is related to liquid hydrogen storage for high-altitude long-
endurance remotely-operated aircraft. The spherical tank design incorporates a double vacuum jacket
structure with the combined use of Multi Layer Insulation (MLI) and a spiral pipe acting as a Vapor-
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Cooled Shield (VCS). The tank’s inner tank is made of stainless steel, while stainless steel and com-
posite materials are considered suitable for the outer tank. Zirconia ceramic pellets are chosen for their
high strength, low thermal conductivity, and compatibility with metal bonding. The tank configuration
comprises two concentric spherical tanks connected by eight point-contact insulating supports, with
supporting components and coils made of stainless steel. Research results indicate that the insulating
support can significantly reduce heat leakage, meeting both structural and thermal requirements for
aerospace applications.
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Figure 2.8: Schematic diagram of cryogenic liquid storage tank and details of the support structure [83]

The tank design presented in reference [48] is a double-walled aluminium vessel with capacity of
about 100 kg of liquid hydrogen. The design pressure is 2 bar, the design over-pressure is 15 bar
and the design temperature is 20 K. The insulation system consists in a spray on foam based on
polyurethane materials. Each tank is supported by four longitudinal beams and, while the outer vessel
has two rings for support, the inner vessel has seven due to the higher load of over-pressue. These
beams present a | cross section and are made of aluminum 2219. The inner tank support structure
consists of 10 PEEK tubes.

TN

Figure 2.9: Section of the modeled tank showing the tank walls and the supporting structure [48]

While the specific focus of this study relates to cryogenic liquid hydrogen tanks, it is noteworthy to
explore related literature on cryogenic tanks for liquefied natural gas (LNG) in mobile applications. Al-
though LNG and liquid hydrogen serve different purposes, they share similar requirements for transport
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and storage in specialized double-walled cryogenic tanks. In LNG applications, maintaining the LNG in
a liquid state necessitates a temperature inside the tank of approximately -160°C under a pressure of
around 7 bar. Achieving and sustaining these conditions mandate the utilization of a vacuum insulation
system and internal supports designed to minimize heat leakage into the tank. These internal supports
must also withstand complex mechanical loads which are, however, smaller in magnitude than those
related to the aerospace sector. While the case study of LNG tanks differs from that of liquid hydrogen,
exploring design concepts from LNG applications can offer valuable insights for the design of inner
vessel support structures in cryogenic liquid hydrogen tanks.

The work in reference [50] presents different design concepts for the inner vessel support structure
for a double-walled metal LNG road tank. In general, the recommendation is to implement a combina-
tion of fixed and sliding supports: the fixed supports primarily block axial displacements of the inner
tank relative to the outer jacket, while sliding supports limit radial displacements and accommodate
thermal shrinkage. Heat transfer through supports mainly occurs via conduction, with a substantial
temperature difference of approximately 180 K between the inner tank and the outer jacket. The three
proposed design concepts are presented in Figure 2.10 and described below.

1 2 3

Figure 2.10: Design concepts for inner vessel support structure in LNG road tanker application [50]

» Support 1: the material is the same used for inner and outer tank, so stainless steel, and the
connection to the rest of the structure is made by welded joints. The heat flow is limited by
assuming a relatively small cross-section of the support plates with circular holes.

» Support 2: the support consists of a polyamide block placed in stainless steel brackets, offering
low heat transfer coefficient but requiring a large cross-section for load transfer.

» Support 3: the design features a cylindrical joint which consists of stainless steel supports and
a composite insert with high thermal resistance and mechanical strength. The insert is manufac-
tured from synthetic resins in combination with high-strength glass reinforcements.

These design are evaluated by performing static mechanical analyses and transient thermal analy-
ses. The results reveal that it is possible to achieve stress levels below the limit values of the materials
for all the design concepts but further optimization is needed. Support 1 is characterised by the highest
total heat transfer compared to the other two. A combination of composite insulating elements with
steel elements welded to the tank and jacket holds promise for achieving both low heat leakage and
adequate mechanical strength.

The study discussed in reference [49] focuses on minimizing heat leakage through the internal sup-
ports of a 20-feet mobile container equipped with a cryogenic tank designed for transporting liquefied
gases with boiling temperatures as low as - 196°C. A dedicated test stand was built, consisting of a
thermo-climatic chamber with ambient temperature controller and tanks equipped with measuring trans-
ducers. The tank design includes an inner shell, outer shell, inner shell supports, installation for loading
and unloading, ferrules for leading conductors from transducers, and an eyehole. Computational sim-
ulations and experimental tests were conducted to evaluate heat transfer characteristics, with a focus
on materials with low thermal conductivity. Results indicated that internal supports in contact with the
cryogenic tank should be made of plastics with low thermal conductivity, with polycarbonate showing
the most advantageous heat transfer characteristics.
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2.6. Tank Sizing

The first step to size a LH, tank is to understand the specific aircraft related requirements, including
the range, payload capacity, and duration of flights. This analysis helps determine the volume of liquid
hydrogen needed to meet the mission objectives. Based on the aircraft’s design and layout, as well as
the available space and weight constraints, the most appropriate tank architecture has to be selected.
Choosing the right materials and properly sizing the tank is crucial to minimize heat transfer, prevent
liquid hydrogen boil-off, and ensure that the tank can withstand the loads and stresses experienced
during flight.

Finite element methods are usually employed for analyzing complex structures and various digital
solvers are available to handle structural, thermal, and fluid mechanics simulations. Towards the end of
the 2010s, coinciding with the progression in the design of L H, aircrafts beyond the conceptual phase,
there was a noticeable increase in the finite element analyses performed for L H, tanks alongside
subsequent validations [75]. These offered insights into structural and damage tolerance behaviour.
At the same time, other studies focused on the integration of L H, tanks within the aircraft fuselage
sections utilizing finite element models that includes structural elements of the fuselage. These models
were capable of predicting boil-off rates and assessing stress and displacement under diverse loading
conditions such as pressure, thermal changes, and flight-related loads. Moving into the early 2020s,
there was a focus on the development of computational tools tailored for exploring and comparing
various design concepts and geometries.

Mantzaroudis and Theotokoglou [53] conducted a comprehensive study introducing a computational
model capable of analyzing the structural and thermal aspects of independent-type double-walled L H,
tanks. The tanks under investigation consist of an inner aluminum shell, insulating polyurethane foam,
and an outer composite shell. This study evaluates key performance indicators such as gravimetric
index and boil-off rate, and focuses on parametrically assessing the effect of LH; storage levels and
tank geometrical configurations on thermal and structural performance. Finite element simulations
are performed considering temperature-dependent material properties and various thermal and pres-
sure loading conditions. The analyses takes into consideration multiple heat transfer mechanisms, in-
cluding radiation, convection, and conduction, alongside mechanical stresses induced by temperature
variations and internal pressure. The computational process involves iterative analyses to determine
insulation thickness for achieving target boil-off rates, followed by structural analyses to ensure com-
ponent integrity. The numerical models developed in ANSYS Parametric Design Language (APDL)
facilitate the evaluation and selection of tank designs early in the aircraft design process, considering
temperature-dependent non-linearities and various tank shapes.

A computational tool that could perform multi-physics analyses of several tank concepts would facil-
itate the design process of L H, tanks enabling to balance the competing demands. Trade-off studies
could be conducted, leading to the eventual selection of an optimal solution for each case.

The work by Lampeas and Tzoumakis [48] focuses on the development of a comprehensive thermo-
mechanical simulation model tailored for small-scale liquid hydrogen fuel tanks intended for aviation
applications. The developed multi-parametric model is capable of accommodating various design ge-
ometries of the double-walled aluminum vessel and accounts both for the critical parameters regarding
cryogenic metallic hydrogen tanks and for the temperature dependency of thermal and mechanical
material properties. A three-dimensional finite element model has been implemented to simulate the
operational environment of a liquid hydrogen tank, enabling accurate predictions of temperature and
stress distributions across all tank components. The workflow consists in heat transfer analysis using
finite element method followed by finite element thermo-mechanical stress analysis. The first one en-
ables to obtain the temperature distribution of the tank and the supporting structure, while the second
one involves stress analysis and strength evaluation. The verification of the model has been performed
by comparing the calculated thermal and heat flux with theoretical estimates derived from an analytical
model which considers thermal conduction, thermal convection, and thermal radiation. In the current
approach, the heat losses due to conduction through the inner vessel support structure are neglected
even though these could be significant. However, the multi-parametric nature of this model allows for
trade-off studies between various design parameters as boil-off rate and weigth.

In the follow-up study conducted by Lampeas and Tzoumakis [47], the structural model has been
added so to combine thermal and mechanical loads and conduct stress, strain and displacement cal-
culations. The final result would be verifying the structural integrity of the tank.

Tzoumakis, Fotopoulos and Lampeas (work in reference [75]) proposed a comprehensive approach
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to address the challenges associated with the design and analysis of cryogenic tanks, particularly fo-
cusing on L H,-powered aircraft applications. The study introduces a novel computational tool in the
form of a multi-physics finite element digital simulation, designed to facilitate performing heat transfer
and structural analysis in a fully parametric manner. A flowchart of the methodology is presented in
Figure 2.11.
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Figure 2.11: Flowchart of the methodology for L Hs tank design and analysis used in the study [75]

The methodology presented by Tzoumakis, Fotopoulos and Lampeas [75] enables the exploration
of different design variations, material choices, and geometric configurations to meet the conflicting de-
mands of minimizing heat losses, ensuring structural integrity, while also optimizing for weight and cost
efficiency. The simulations yield insights into both thermal performance and structural integrity, compris-
ing non-linear finite element heat transfer analysis followed by structural analysis. The model includes
thermal calculations for temperature distribution and heat flux, coupled with structural analysis consid-
ering the results of the thermal part and mechanical loads as inputs, including hydrostatic pressure from
LH> and constant pressure from G H,. Furthermore, the developed model features a flexible geometry
creation module, enabling to generate axisymmetric double-walled tanks with adjustable dimensions
and shapes, facilitating iterative design revisions. Material properties are also parametrically defined,
allowing for the exploration of different material options. The computational tool is implemented using
ANSYS parametric design language and the simulations are conducted within the ANSYS mechani-
cal solver. Furthermore, Tzoumakis, Fotopoulos and Lampeas [75] outline a systematic methodology
for the design process, from defining basic requirements to selecting materials and operational con-
siderations, culminating in the development of the digital simulation. Through iterative iterations and
parametric adjustments, the model aids in component sizing, understanding load effects, and predicting
tank behavior, essential for integration into aircraft systems and predicting fatigue life.

In conclusion, the sizing of cryogenic L H, tanks for aircraft is a highly complex and multi-faceted
process. The challenge is to balance mechanical and thermal requirements with the need to minimize
weight and optimize structural integrity. As shown by the various research works, the existing design
processes involve complex computational models and finite element analyses that account for material
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properties, geometric configurations, thermal loads, and structural stresses. The need to manage com-
peting demands such as minimizing heat transfer while ensuring the tank can withstand the stresses
of flight, underscores the complexity of this task. Ultimately, successful tank design hinges on the inte-
gration of advanced simulation tools and a deep understanding of the interplay between thermal and
mechanical factors, which together drive the optimization of both performance and structural reliability.

2.7. Crashworthiness

Crashworthiness is the ability of an aircraft structure and its internal systems to protect occupants
from severe injury during and after an event of controlled crash [69]. Especially in civil aircraft design,
crashworthiness is considered a critical aspect that requires the same attention as strength and fa-
tigue considerations. In a general crash scenario, the fuselage would undergo both elastic and plastic
deformation, as well as fracture, in order to absorb the kinetic energy. This is crucial to ensure that
occupants do not suffer severe injuries due to high deceleration forces, exposure to hazardous gases
or elevated temperatures. Furthermore, the structure must deform in such a way that, during and after
a crash, a survivable space is maintained, and evacuation routes remain unobstructed.

In assessing crashworthiness, one must address three primary sources of injury during aircraft
crashes: excessive acceleration forces, direct trauma from contact with harmful surfaces, and exposure
to environmental hazards such as fire, smoke, water, and chemicals, which can lead to burns, drowning,
or asphyxiation. Effective crashworthiness designs aim to identify and mitigate these potential sources
of injury within the constraints of a given design impact limit. This involves evaluating various aspects,
including for example the strength of the cockpit and cabin, the adequacy of seats and restraint systems,
the effectiveness of energy attenuation systems, the presence of injurious objects in the vicinity of the
occupants, and considerations for post-crash factors such as fire prevention and providing adequate
escape routes.

The European Union Aviation Safety Agency (EASA) and the Federal Aviation Administration (FAA)
of the United States are two major aviation regulatory agencies that deal with establishing standards
and regulations for aircraft certification. EASA’s "Certification Specifications and Acceptable Means of
Compliance for Large Aeroplanes (CS-25)” and FAA's "Federal Aviation Regulation Part 25 - Airworthi-
ness Standards: Transport Category Airplanes (FAR-25)" provide guidelines and criteria for ensuring
safety and airworthiness of aircraft. The crashworthiness of an aircraft fuselage is regulated by the
emergency landing conditions, which are presented in the chapters 25.561 25.563 of CS-25 and chap-
ter 25.561 25.563 of FAR-25.

Current requirements for the fuel tanks

CS 25.963 mandates that fuel tanks are able to withstand, without failure, the vibration, inertia, fluid and
structural operational loads and are designed, located and installed to prevent fuel release in quantities
sufficient to start a serious fire during otherwise survivable emergency landing conditions. Fuel tanks
must resist rupture and retain fuel under ultimate hydrostatic design conditions. For each fuel tank and
surrounding airframe structure, the effects of crushing and scraping actions with the ground should
not cause the spillage of enough fuel, or generate temperatures that would constitute a fire hazard
(under the conditions specified in CS 25.721(b)). Additionally, fuel tanks located in an area where
experience or analysis indicates a strike is likely, must undergo analysis or tests to address penetration
and deformation by tyre and wheel fragments, small debris from uncontained engine failure or APU
failure, or other likely debris (such as runway debris). For pressurized fuel tanks, fail-safe mechanisms
must be in place to prevent excessive pressure difference between the inside and the outside of the
tank. Compliance with safety criteria is essential to mitigate risks associated with fuel release and
potential fires in emergency landings.

The AMC 25.963 sets forth an acceptable means, but not the only means, of demonstrating compli-
ance with the provisions of CS-25 related to the strength of fuel tanks in emergency landing conditions.
The fuel tank should be able to sustain the inertia force of the emergency landing condition and apply
a static ultimate load. Precautions should be taken so that the fuel tank, both in and near the fuselage,
should not rupture under a survivable crash or, at least, should not be able to gather a sufficient hydro-
gen concentration to cause a serious fire. The fact that the strength of fuel tanks is subjected to the
provisions of emergency landing conditions and should allow to survive the conditions of a survivable
crash for humans implies that the fuel tanks are subjected to the same regulations as those concerned
with the safety of humans.



2.8. Retrofit design 27

Requirements for the hydrogen fuel cell system

The mere presence of hydrogen on board poses risks that imply the need for additional regulations. Its
ability to permeate into materials, altering their properties, and the fact that it poses an additional risk to
the operating personnel, points to the need to also consider the requirements for handling hazardous
material under 29 CFR Part 1910 Subpart H Hazardous Materials and API Standard 620, "Design
and Construction of Large, Welded Low-Pressure Storage Tanks”. Its flammability poses a risk to the
structure and entails the need to consider the requirements from NFPA 55 (National Fire Protection
Association).

The Energy Supply Device Aviation Rulemaking Committee (ESD ARC) was established by the
Federal Aviation Administration (FAA) on April 15, 2015, with the objective of providing recommen-
dations for the development of appropriate airworthiness standards and guidance material for energy
supply device installations on various aircraft, with a specific focus on hydrogen fuel cells. Several
key decisions were made by the committee, including recommending the creation of a new regulation,
referred to as the fuel cell system safety baseline regulation, proposing revisions to existing regula-
tory standards to accommodate fuel cell systems, and identifying operational regulations that could
be directly applicable [27]. Among the various considerations presented in the report, the committee
recommends that hydrogen tanks and fuel lines should be protected from unsafe temperatures and
strategically positioned to minimize the likelihood and consequences of rupture during a crash landing.
Furthermore, the fuel system in the fuselage should be designed and positioned to allow a reasonable
level of deformation and stretching without the risk of leakage that could pose a hazard. The installation
of hydrogen leakage detection systems in any area of the aircraft where hydrogen accumulation could
potentially lead to hazardous conditions is also an important point.

Requirements for inner vessel support system

The support system positioned between the inner and outer vessel of a double-wall tank must effec-
tively maintain the proper positioning of the inner tank and prevent any contact between the inner and
outer vessels. This precaution is crucial due to the significant temperature differential between the two
metallic vessels, as direct contact could lead to various critical issues. Primarily, such contact would
compromise the insulation system, allowing a considerable influx of external heat into the tank contain-
ing liquid hydrogen. This would result in a rapid temperature increase, leading to boiling of the liquid
hydrogen, a sudden rise in tank pressure, and potential overload of safety systems such as ventilation
valve and burst disc. Moreover, the direct contact between surfaces at such different temperatures
(up to 300 °C) could induce a thermal shock, potentially compromising the mechanical properties of
the material. Additionally, it has to be considered that inlet, outlet, and over-pressure safety pipes are
positioned between the inner and outer vessels. Therefore, the supports must also ensure sufficient
space between the inner and outer vessels to accommodate these pipes, even during crash scenarios
or emergency conditions. The thickness of these pipes also determines the necessary distance be-
tween the inner and outer vessels, as the vacuum and multi-layer insulation (MLI) system itself does
not require significant installation space for proper functioning.

2.8. Retrofit design

The retrofit designs that will be considered in the following discussion come from the thesis project
carried out by TU Delft master student Yi-Hsiu Wu [82]. The main goal of his work was to efficiently
use the aircraft’s interior space for installing hydrogen tanks. This could be a challenging task due to
hydrogen’s low density and the aircraft's exposure to various environmental conditions and potential
crashes. Furthermore, the installation of the tanks must balance two primary factors: ease of installa-
tion and maximizing space utilization to extend the aircraft’s range. However, achieving both factors
simultaneously poses challenges, as increased space utilization leads to an increased installation com-
plexity.

The research proposed installation methods based on packing solutions, arranging cylindrical tanks
within specific volumes to maximize packing density. Assumptions regarding retrofitting methods and
tank dimensions were outlined to guide the design process and mitigate complexity. All tanks have
the same orientation, length, and diameter in order to simplify both the manufacturing process and the
retrofitting process. Other design considerations include ensuring tanks fit through preexisting open-
ings, maintaining structural integrity (the existing primary structure will not be altered or removed but
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reinforcement could be added to strengthen the loading-bearing capacity or energy-absorbing capa-
bility of the aircraft), and adhering to certification requirements. Only the horizontal orientation was
considered in order to avoid the risks associated with choosing a vertical orientation (uncontrollable
leaks originating at the lower end). The proposed tank model simulates an empty cylindrical container
with tank heads on both ends, incorporating tank weight and liquid hydrogen weight. Retrofitting com-
ponents were designed to fit through aircraft doors (cabin door and/or cargo door), with a focus on
maintaining symmetry so to preserve the stability of the aircraft.

A validated numerical model is crucial for analyzing crashworthiness characteristics, with drop tests
serving as a cost-effective and time-efficient validation method. The study focused on a Fokker F28
Fellowship model, adapted to simulate retrofit scenarios. Design methodologies include tank configu-
ration and support designs, employing packing solutions to optimize space utilization. Supports were
designed to secure tanks during flight and crash events, considering door limitations and crash surviv-
ability. The thesis emphasized safety and efficacy, validating designs against real-world crash tests to
ensure compliance with safety regulations.

The available design space within the aircraft’s fuselage is constrained by several parameters: per-
missible length (P, = 2600 mm), floor width (Fy, = 2880 mm), floor height (£, = 980 mm), door width
(Dw = 750 mm), door height (Dy = 1800 mm), and inner frame radius (r;» = 1500 mm), along with
a safety margin of 10mm to account for deformation during ground impact or significant acceleration
loads (spacing = 10 mm). These parameters ensure that the total design volume is limited, preventing
tanks from directly impacting each other or compromising their integrity during drop tests or specific
load cases.

The thesis project presented one longitudinal retrofit design (longitudinal circle packing LCP, Fig-
ure 2.12) and two lateral retrofit designs as optimal solutions (lateral hexagonal packing LHP in Fig-
ure 2.13 and lateral square packing LSP in Figure 2.14). The characteristics associated with the pro-
posed retrofit design solutions are summarized in Table 2.5 (dimensions of the single tank and number
of tanks).

G

Figure 2.12: Longitudinal circle packing retrofit design [82]

@

Figure 2.13: Lateral hexagonal packing retrofit design [82]
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Figure 2.14: Lateral square packing retrofit design[82]

Table 2.5: Feasible design points considered in the analysis

Retrofit design | External diameter [nm] | External length [nm] | Number of tanks
LSP 498 2339 15
LHP 498 2570 14
LCP 750 2600 7

The proposed retrofit designs have then been analysed from the point of view of crashworthiness
encompassing finite element analysis (FEA). Johnson-Cook material model was used to simulate the
non-linear and plastic behavior of materials during drop tests. The fuselage, including supports, was
modeled using AA 2024-T3 aluminum alloy, while the tanks were modeled with AA 2219-T87 aluminum
alloy. Certification requirements, including fuel system certifications and crashworthiness certification,
were addressed according to CS 25.963, CS 25.56, and AMC 25.963 guidelines.

Regarding inertia loading conditions, the thesis detailed the prescribed load factors for emergency
landing conditions within the fuselage contour, as specified in JAR/CS 25.561. Dynamic crash con-
ditions were also analyzed, considering vertical impact velocity based on maximum takeoff weight
(MTOW), self-assessment of OEMs, accident studies, and underfloor structural depth. The thesis
discussed the following crashworthiness criteria: plastic strain equivalent (PEEQ), visual inspection,
energy dissipation (maximum strain energy through the impact history, stabilized plastic energy dissi-
pation, and friction energy dissipation), acceleration-based injury criteria such as DRI and HIC, plastic
energy dissipation distribution by component, kinetic and plastic energy time history.

The model was built using the 3DEXPERIENCE platform and analyses were performed using
Abaqus/Explicit solver. Loading conditions include four quasi-static loading and one dynamic load-
ing (forward 9.0g inertia loading, upward 3.0g inertia loading, sideward 3.0g inertia loading, downward
6.0g inertia loading, and drop test with an impact speed of 9.14 m/s), and boundary conditions were
established to simulate the different loading scenarios. Interaction and contact properties were defined
to prevent joint failure and ensure realistic simulation results.

All three packaging designs did meet the requirements of crashworthiness certification, with no
plastic damage observed on the outer tank walls under any of the considered loading conditions. This
indicates that the section carrying a typical fuselage could be certified across all three designs. Each
design demonstrated different methods of energy dissipation in crash scenarios. The LCP design
allows transverse cross beams to bend freely, dissipating significant energy through friction. The LHP
design absorbs energy as strain energy but releases it as kinetic energy over a short time period,
causing increased acceleration on the tanks. The LSP design exhibited the most plastic deformation
in the lower fuselage, resulting in the highest level of plastic energy dissipation. Among the three, the
LCP design showed the greatest potential for retrofitting baseline aircraft, offering advantages in both
crashworthiness and operational range after retrofitting.
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2.9. Research questions

The advancements of aerospace technology in a more environmentally friendly direction have led to
the exploration of hydrogen as fuel. Among the various storage options, cryogenic liquid hydrogen
(LH2) tanks seem to be particularly promising. However, they present unique challenges, requiring
specialized solutions to ensure safe and efficient containment.

As presented in the previous sections, for the case study of an aircraft retrofit design, the choice
converges towards a non-integral metal tank. Regarding the tank architecture, both single-wall tank
and double-wall tank are considered as viable options. In literature, general considerations regarding
the pros and cons of the two architectures have been found as well as solutions for individual case
studies, but not a clear definition of the areas of applicability of the two design options. Itis though very
important to define the specific conditions under which a single-wall tank design is suitable and those
scenarios where a double-wall tank design is more appropriate. This analysis will provide a frame-
work for determining the optimal tank design based on the demands of various operational contexts.
Subsequently, it can be assessed which design is most appropriate for the specific retrofit case study
considered.

When evaluating the double-wall architecture, a critical aspect lies in the support system for the
inner vessel, crucial for maintaining its precise positioning with respect to the outer vessel while accom-
modating thermal contraction and expansion and structural loads experienced during flight operations.
These structures, having to connect inner and outer vessels which are at significantly different temper-
atures, risk being a major source of heat leakage if not designed efficiently. Despite the importance
of this component, the literature reveals a conspicuous gap in comprehensive design methodologies
and optimal material selection. While several studies have outlined specific support systems tailored
for individual projects, a comprehensive methodology capable of giving general indications as to which
of the infinite number of design directions to pursue remains notably absent. A crucial need exists for
low-fidelity models that can effectively evaluate a broad spectrum of preliminary design options. While
detailed finite element (FE) models excel in providing precise analyses of selected designs during the
detailed design phase, they are often too resource-intensive and narrowly focused to be useful in the
early stages of development. Such models would allow for approximate assessments of the thermal
and structural performance of numerous design alternatives quickly, identifying promising options be-
fore committing to more detailed and computationally expensive analyses. This gap highlights the need
for research efforts aimed at addressing the complexities related to inner vessel support configurations
for double-wall tank designs.

Research objective: To develop a suitable methodology for modeling and designing single-wall and
double-wall cryogenic hydrogen storage tanks in order to meet the specific thermal and structural per-
formance requirements for retrofit aircraft, while addressing challenges such as thermal efficiency, ac-
comodation of thermal displacements, crashworthiness requirements, and support structure design.

The research questions presented below aim to generate knowledge about the possibilities in designing
single-wall and double-wall tanks.

1. In what scenarios do single-wall and double-wall cryogenic hydrogen tanks offer distinct advan-
tages or limitations, and how should design choices be made based on these scenarios?

2. What are the performance capabilities and applicability limits of single-wall and double-wall archi-
tectures in the retrofit case study?

3. How to model the tank in order to evaluate the performance and behavior under the different
loading and thermal conditions?

4. How do the performance requirements for cryogenic liquid hydrogen tanks influence the design
of the internal support structure for double-wall tanks, and what are the best practices to ensure
that the support structure meets these requirements without compromising the overall efficiency
of the tank?

5. How to assess whether the design for the inner vessel support structure in a double-wall metal
L H, tank is able to accommodate thermal expansion and contraction, minimize thermal conduc-
tivity, and ensure adequate stiffness and strength against external loads?



Single wall tank

In searching for the ideal design of a liquid hydrogen tank, the first step was to assess whether a
double wall architecture was indeed necessary. The major benefits of the single wall tank concept are
the relative simplicity of construction, the lower cost and the fact that it does not depend on maintaining
vacuum for proper operation. It is then important to check whether a single-wall architecture would be
able to meet the requirements regarding both time of flight and dormancy time. For the selected case
study, a cruise time of at least 20 minutes and a dormancy time of at least 24 hours are required. The
line of thought adopted involves first assessing the potential of the material insulation for a single wall
architecture from a thermal point of view. The first question to be answered is therefore:

”Is there a single wall tank design suitable for the selected case study in which the material
insulation layer is able to reduce the heat flow to such an extent that the dormancy time
requirement is met and, at the same time, is not too thick so as to allow the storage of
sufficient liquid hydrogen to guarantee the minimum required cruise time?”

If so, a structural evaluation of the resulting architecture would be carried out.

3.1. Single wall tank model

The subject of this section is a cylindrical single-wall L H, vessel with hemispherical ends. The proposed
design entails an aluminum tank shell, a layer of solid insulation, two composite structural supports, and
three aluminum pipes. The single-wall tank model is presented schematically in Figure 3.1.
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Figure 3.1: Single wall tank model

Shell

Choosing a cylindrical tank with hemispherical ends for storing liquid hydrogen offers a balanced so-
lution that combines the advantages of both cylindrical and spherical designs. This design optimizes
space utilization by offering a compromise between the efficient volume-to-surface-area ratio of spheres
and the practicality of cylinders, especially in a cylinder-shaped environment such as the inside of the
fuselage. The transition from the cylindrical body to the hemispherical ends creates a smooth, contin-
uous surface, enhancing structural integrity and minimizing stress concentrations.
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In section 2.5, it has been highlighted that the selection of materials for tank walls leans towards met-
als over composites due to the complexities that would be introduced by the latter, particularly regard-
ing uncertainties related to hydrogen permeation and fatigue properties, especially under cryogenic
conditions. Metals offer a higher level of predictability and understanding, making them a preferred
choice despite the potential weight reduction benefits of composites. Particular attention is directed
towards aluminum alloys, noted for their ductility at cryogenic temperatures, weldability, stress corro-
sion resistance, and high strength-to-weight ratio, which make them well-suited for cryogenic storage
applications. With the considerations about the different aluminium series presented in section 2.5, the
specific alloy that was selected for this case study is: AL5083-0.

The process of sizing the metal shell is based on defining the minimum required thickness of shell
under internal pressure and checking whether that thickness value allows the external pressure to be
withstood. The guidelines followed were taken from the ASME standards [13]: general requirement
UG-27 ("thickness of shells under internal pressure”) and the general requirement UG-28 ("thickness
of shells and tubes under external pressure”). As defined in Equation 3.1, the minimum required thick-
ness of cylindrical shells under internal pressure must not be less than that calculated by the following
formulas: Equation 3.2 for circumferential stress, Equation 3.3 for longitudinal stress, and Equation 3.4
for stress in the spherical dome.

tshetl = m'ax(tcircqufe'r"ential7 tlong7 tspherica,l) (31 )
PR,
tcircumferential = m (32)
Pi’nRin
t = 3.3
9 98 ma By + 0.4P;, (3:3)

(3.4)

¢ =
spherical 25maE; — 0.2P;,

where P, is the internal design pressure, R;, is the inside radius of the shell considered, S,,, is the
maximum allowable stress value, and E; is the joint efficiency (assumed equal to 0.9). This assumption
follows the ASME standards [13], which allow the use a joint efficiency of 0.9 when the weld zone is
thoroughly filled and the inspection can be performed either from both sides of the weld.

The external pressure applied to the shell corresponds to the cabin pressure which can range from
a maximum of 101 kPa on the ground at sea level to a minimum of 75 kPa in flight [7]. The procedure
to follow for evaluating the required minimum thickness of a cylindrical shell under external pressure is
more complex as it requires consulting various tables and performing calculations which depends on
the specific case. The various steps are comprehensively presented in passage UG-28 of the ASME
standards [13].

Pipes
The three pipes serve the function of inlet, outlet and safety pipe. The safety pipe is connected to the
burst disc which is used as a backup pressure relief mechanism and it is designed in order to ensure that
the highest possible flow rate can be safely accommodated in order to avoid over-pressurization. The
maximum flow rate corresponds to the maximum expected boil-off rate which occurs during a scenario
where the liquid hydrogen storage vessel is immersed in an external fire. The sizing process for the
pipes follows the guidelines provided by the international standard 1ISO 21013-3 "Cryogenic vessels -
Pressure-relief accessories for cryogenic service”.

With regard to the material selection for the pipes, it was decided to use the same material which
has been selected for the vessel. This decision is mainly motivated by the desire to avoid problems
arising from the mismatch between different coefficients of thermal expansions.

Vessel structural supports

At this early stage of evaluation of design concepts, the vessel structural supports design was simplified
considerably. This is because the main aim at this stage is to obtain a realistic approximation of the
amount of heat that can reach the inside of the vessel from the outside via the supports.

The structural supports are characterised by a cylindrical shape developing longitudinally through
the thickness of the insulation layer. The support material is assumed to be G10-CR glass fiber com-
posite. This material has excellent physical properties at cryogenic and operating temperatures and is
characterised by a low thermal conductivity which makes it an efficient insulator [42].
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Insulation

The main objective is to demonstrate whether the concept of a single wall tank with material insulation is
feasible in the considered context, rather than to establish whether a specific type of material insulation
can satisfy the requirements of the case study. Consequently, the emphasis is on the general char-
acteristics of this category of materials, rather than on the specific properties of any one material. In
particular, since the focus at this stage was directed towards the thermal performance of the insulation
layer, the fundamental parameter is the thermal conductivity.

An analysis of the effective thermal conductivity of insulation materials for cryogenic L H, storage
tanks was performed by Ratnakar et al. [65], providing a method for accurately estimating heat leak
and boil-off rate from such tanks. The study encompasses a review of existing experimental data and
various correlation models proposed for predicting effective conductivity across a spectrum of insula-
tion systems, including powders, foams, fibrous materials, and multilayer configurations. The effective
thermal conductivity may be influenced by factors such as the material composition, structural charac-
teristics, temperature, pressure, and the composition of the gas present in the space between the com-
ponents. In our specific case study, the temperature range is quite wide (from cryogenic temperatures
of approximately 20K to worst-case ambient temperatures of approximately 300K) and the expected
pressure conditions are in the order of 10°-10° Pascal. Some general conclusions that can be drawn
from the results presented in reference [65] are that at lower temperatures (moving towards cryogenic
temperatures) and lower pressures (moving towards vacuum conditions), lower thermal conductivity
values can be expected. In general, the magnitude of thermal conductivity for insulation materials
employed in cryogenic L H, tank applications ranges approximately between 0.010 and 0.100 W/mK.

In Figure 3.2, the pressure dependence of thermal conductivity values of various materials (of which
the most relevant for our study are shown in the legend) is presented. This confirms that the range
that can be considered for further evaluating the potential of insulation materials is between 0.010 and
0.020 W/mK. In the following discussion, three thermal conductivity values are considered in order to
represent the range. These values are the following: kj.,; = 0.010 W/mK (best value of the range),
knominai = 0.015 W/mK (average value of the range), and k.5t = 0.020 W/mK (worst value of the
range).
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Figure 3.2: Thermal conductivity versus pressure data for various insulation material and fitted results [65]

3.2. Methodology for investigation of single-wall tank architecture

To evaluate the potential of this tank’s application in hydrogen-powered aviation, a MATLAB code was
developed. The first step of the methodology consists in defining the initial parameters for the single
wall tank model and design points that will be investigated. Various versions of each design point are
analyzed by varying the insulation thickness value through a range of values from a minimum of 0.005
mm up to 20% of the tank’s external diameter. For each thickness, several key factors are calculated,
including the thermal resistances of the pipes and supports, the thickness of the aluminum shell, cruise
time, heat inflow from the external environment, and dormancy time. The subsequent analysis involves
comparing these results to determine if the tank’s performance criteria for cruise time and dormancy
time could be met. The flow-chart in Figure 3.3 outlines this evaluation process in detail.
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Define initial parameters for the single wall tank model
and define the design points to evaluate

For each design point

For insulation thickness value between
0.005 mm and 20% of the external diameter

v

Calculate:
- thermal resistances of the pipes and supports of inner vessel
- thickness of the aluminum shell
- cruise time
- heat inflow from the external environment
- dormancy time

v

Compare the results obtained for the different versions of the
different design points and check whether the cruise time and
dormancy time requirements can be satisfied

Figure 3.3: Flow chart for evaluation of single-wall tank architecture

Pressure parameters to characterise the tank model
The three pressure parameters relevant to tank modelling are the following:

* P,eni: the venting pressure is the pressure that, when reached inside the tank, causes the vent
relief valve to open and hydrogen gas to be released. The value depends on the specific vent
relief valve employed in the system and is characterised by a relative error that is generally more
pronounced for low venting pressure values.

* Pourst—dise: the burst-disc pressure is the pressure that, when reached inside the tank, causes the
burst disc pressure relief mechanism to activate in order to avoid over-pressurization. This value
depends on the specific burst disc mechanism employed in the system and usually is expressed
as a function of the venting pressure as in Equation 3.5.

Pburstfdisc = SFl * P'uent (35)

where SF is a safety factor that assumes the value of 1.5.

* Pyesign: the design pressure is the ultimate pressure that the tank should be able to withstand
before failure. This is the pressure used in order to properly size the tank shell thickness and can
be expressed using the Equation 3.6.

Pdesign = SFy * Pyyrst—dise = SFp * SFy x Pyept (36)

where SF; is a safety factor that assumes the value of 1.8. The purpose of it is to make sure
that, even in the eventuality of burst disc activation, the tank is able to survive with no plastic
deformation and can be made operational again simply by replacing the burst disc safety device.

In case of hydrogen fuel cell aircraft, the value of internal pressure at which hydrogen is vented must
be coherent with the pressure range accepted as input by the branch leading to the fuel cells. The
vent relief valve and the valve regulating the G H, flow to the fuel cells are both located along the outlet
pipe and, for this reason, selecting a venting pressure lower than the required pressure at the inlet
of the valve regulating the flow to the fuel cells would result in a system where the GH; flow to the
fuel cells tends to zero. Therefore, it is beneficial to select P,.,,; values higher than those required in
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order to enter the direct branching to fuel cells so to also limit the fuel losses through venting during the
flight mission. A literature research concerning the optimum operating conditions for proton-exchange
membrane (PEM) fuel has uncovered numerous studies that agree that the optimum values for the
operating pressure of hydrogen fuel cells can be found in the range between 1.5 and 2.5 bar [43], [16],
[39], [67]. Consequently, it is considered reasonable to assume venting pressures greater than 3 bar.
In this particular case study, the accepted range for venting pressures is between 3 and 5 bar. The
ranges for Py st—aisc aNd Pyeqign are defined according to the equations 3.5 and 3.6 respectively.

Design points

The evaluated design points are retrieved by Yi-Hsiu’s thesis work [82]. Additionally, it is also desired
to evaluate tanks larger than those indicated for a retrofit in order to get an idea of the potential of this
type of tank concept also in the case of new aircraft architectures that could accommodate an integral
tank. All the considered design points and the relative characteristics are presented in Table 3.1. One
important parameter to consider is the surface area-to-volume ratio, which provides insight into the
extent of heat leaks.

Table 3.1: Design points considered in the analysis

External diameter [nm] | External length [nm] | Number of tanks | Surface/Volume
498 2339 15 8.65
498 2570 14 8.59
750 2600 7 5.90
2500 2500 1 2.40
1500 5000 1 2.96
2000 5500 1 2.28
2500 6500 1 1.84
3000 7500 1 1.54

Cruise time

The cruise time represents the maximum time that can be spent in the cruise phase. The value of this
parameter depends on the inner dimensions of the vessel, the fill ratio, and the mission profile including
the hydrogen mass flow rates and time durations for the different phases of the mission. A standard
mission profile is considered and it consists of the following phases: take-off, climb, cruise, descent,
and landing. The hydrogen mass flow rates values for a regional aircraft have been retrieved from the
work of Onorato, Proesmans and Hoogreef [32], and are presented in Table 3.2.

Since the duration of the other phases can be considered fixed, the maximum cruise duration can
be calculated based on the amount of fuel remaining by subtracting the fuel consumed in the other
phases from the initial amount of hydrogen in the tank.

In making these calculations, it is necessary to introduce the assumption that there is a heater
capable of providing the necessary heat so that the correct amount of liquid hydrogen is able to boil
adapting to the hydrogen mass flow rate required for each specific phase of flight.

Table 3.2: Mission profile: mass rates and durations

Phase Hydrogen mass flow [kg/s] | Phase duration [min]
Take-off 0.113 5
Climb 0.096 15
Cruise 0.051 -
Descent 0.004 15
Landing 0.081 5

Heat Input

The main component of heat input is the heat through the walls of the tank (aluminum layer + insulation
layer). Multi-dimensional steady-state conduction for the aluminum layer and insulation layer of the
tank has been evaluated and calculated according to equations 3.7 and 3.8.

Tea:t - T‘int

3.7
Rtank’—wall ( )

Qtankfwall =
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1 1
Riank—wall = 3.8
tank . kinsSins * kalsal ( )

where T,,, is the temperature of the environment surrounding the tank, 7}, is the temperature of the
inside of the tank, R:..x—way iS the thermal resistance of the walls of the tank, k;, is the thermal
conductivity of the insulation material, S;, is the thermal shape factor of the insulation material, %,
is the thermal conductivity of aluminum alloy AL5083-O, and S,; is the thermal shape factor of the
aluminum layer. The thermal shape factor is parameter that represents the effect of the geometry of
a conducting body on the rate of heat conduction and is used to simplify complex heat conduction
problems.

To achieve a more accurate assessment of the heat input, it is essential to account for the tank
supports and piping. The model involves three metal pipes (inlet, outlet, and safety pipe) and two
cylindrical composite supports positioned at opposite ends of the tank. A discretized 1D model has
been created to evaluate thermal conduction through the piping and supports. The thermal resistance of
one pipe and the thermal resistance of one support are calculated based on the geometry and material
properties of the structural elements following the equations 3.9 and 3.10 respectively. The heat flow
through the pipes and the supports is calculated based on equations 3.11 and 3.12 respectively.

Lbridge m
— 3.9
kalApipe ( )

Rpipe =

Lbridge,c

(3.10)

Rsupport = A
kGlof C R{support

. Te:}ct - Tint

Qpipes = NpipesT (311)
pipe

Tewt — Tint
Rsupport

where Ly, iqge,m is the length of the pipe through the insulation layer, k,; is the thermal conductivity of
aluminum alloy AL5083-0O, A,;,. is the cross-sectional area of a pipe, Liridqe, is the length of the sup-
port through the insulation layer, kg19_cr is the thermal conductivity of G10-CR glass fiber composite,
Asupport is the cross-sectional area of a support, 7. is the temperature of the environment surrounding
the tank, T, is the temperature of the inside of the tank, N,;,.s is the total number of pipes in one tank,
and Ngypports 18 the total number of supports in one tank.

Due to the temperature dependence of the thermal conductivity and the large temperature difference
between the inside and the outside of the vessel, all the values of thermal conductivity are the aver-
age value between thermal conductivity at ambient temperature and thermal conductivity at cryogenic
temperature.

The total heat flow into the storage vessel is expressed in Equation 3.13.

(3.12)

qupports = Nsupports

Qtotal = Qtank—wall + Qpipes + qupports (313)

Dormancy time

The dormancy time consists of the elapsed time after which the gas pressure inside the tank of a
parked non-operating vehicle reaches the set point of the relief valve and some Hs must be vented at
a controlled rate. It is calculated as the time it takes to reach an internal tank pressure equal to the
venting pressure and, hence, it is a function of the maximum allowable pressure and the pressure of
stored H,. The implemented model is based on the thermodynamic model for dynamic behavior of Hs
in insulated pressure vessels during dormancy presented in reference [5].

The main assumptions introduced by the thermodynamic model are the following:

» The kinetic and potential energy of H, entering and exiting the tank are disregarded.

» Uniform temperature and pressure conditions are assumed within the tank.

» The H, in the tank may be in the form of liquid, gas, or a combination of both. If H; is present as
a mixture, then it is assumed that the gas and liquid phases are in equilibrium.

» There is a heater capable of providing the necessary heat so that the correct amount of liquid
hydrogen is able to boil adapting to the hydrogen mass flow rate required for each specific phase
of flight.
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* H, is preferentially extracted from the top of the tank as a gas.

» The equilibrium between the para and ortho phases of hydrogen is ignored due to the slow con-
version kinetics.

The equations used to determine the thermodynamic state of H stored in the tank during the dormancy
time period are retrieved from reference [5] and expressed in the matrix form as presented in Equations
from 3.14 to 3.17.

1 -4 0 0] [ <& 0
1 _ 1 dar
An Ao S0 Of g | 0 (3.14)
0 0 1 | |5 0
0 A42 —(hl - hg) 0 % Qtotal
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In the Equations from 3.14 t0 3.17, T is the temperature, P is the pressure, P; is the saturation pressure,
pi is the density of the liquid hydrogen, p, is the density of the gaseous hydrogen, m; is the mass of the
liquid hydrogen, m, is the mass of the gaseous hydrogen, h; is the enthalpy of the liquid hydrogen, A,
is the enthalpy of the gaseous hydrogen, m, is the mass of the tank structure, C; is the specific heat of
the tank structure, Q,.¢.: is the total heat transfer rate leaking from the outside to the inside of the tank,
and V is the internal volume of the tank.

Starting from the thermodynamic conditions defined for the initial time instant and having as input
the heat flow from the external environment, the thermodynamic variables describing the state of the
hydrogen inside the tank are calculated for each subsequent time instant. The iterative cycle stops
when the venting pressure is reached. The elapsed time to reach an internal pressure equal to the
venting pressure is the dormancy time.

In general, the complexity lies in determining the optimal insulation thickness for each design point and
assessing whether it allows the tank to meet the requirements of the specific case study. Itis a trade off
between cruise time and dormancy time. Increasing the thickness of the insulation layer while keeping
the outer dimensions of the tank fixed, leads to a decrease in the internal volume of the tank and thus a
decrease in the amount of hydrogen that can be transported. Consequently, less fuel will be available
for the cruise phase. At the same time, an increase in the thickness of the insulation layer implies a
decrease in heat input and thus an increase in dormancy time.

3.3. Results and discussion

Consistently with what is described in the flow chart in Figure 3.3, every design point from Table 3.1
has been evaluated from the point of view of cruise time and dormancy time. The feasibility region is
defined by a cruise time of more than 20 minutes (1200 seconds) and a dormancy time of more than 1
day (86400 seconds).

For every design point different versions have been created by varying the insulation thickness
value in a range bounded by a minimum value of 0.005 mm and a maximum value equal to 20% of the
respective outer diameter of the tank. This range has been defined so as to prevent excessively fine
insulation layers that are impossible to manufacture in reality, as well as excessively thick insulation
layers that end up occupying most of the tank’s internal volume, thus substantially reducing the volume
dedicated to liquid hydrogen storage.
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The results presented in Figure 3.4 refer to the feasibility study conducted for a tank model which is
characterised by kinsulati(m—materml = knominal =0.015 W/va Pvem‘, =4 bar, Pburst—disc =15"* R)ent =
6 bar, and Pycsign = 1.8 * Pyyrsi—disc = 10.8 bar. In order to show more clearly what the dependence of
cruise time and dormancy time actually is on insulation thickness, these have been depicted individually
in figures 3.5 and 3.6 respectively. Particularly relevant is also the relation between the heat inflow
through the tank wall and the insulation thickness which is presented in Figure 3.7.
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Figure 3.4: Evaluation of various insulation thickness values for different design points

From Figure 3.4 it is possible to ascertain that the minimum cruise time requirement can be met for
all design points, at least for some values of insulation thickness. However, the minimum dormancy
time requirement is only met for two design points (D-2500 L-6500 and D-3000 L-7500), both of which
have large dimensions beyond the size requirements for the aircraft retrofit case study.
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Figure 3.5: Evaluation of cruise time for various insulation thickness values and different design points
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Figure 3.5 makes it clear that cruise time decreases as insulation thickness increases in an almost
linear way. This is because a thicker layer of insulation material reduces the internal tank volume, which
limits the amount of hydrogen that can be stored inside. As a result, less hydrogen is available during
the cruise phase.
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Figure 3.6: Evaluation of dormancy time for various insulation thickness values and different design points
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Figure 3.7: Evaluation of heat transfer through the tank walls for various insulation thickness values and different design points

On the other hand, dormancy time generally increases with increasing insulation thickness (Fig-
ure 3.6). This is because the heat flow input from the external environment decreases as insulation
thickness increases (Figure 3.7). However, beyond a certain insulation thickness, the effect on the heat
inflow and thus dormancy time is attenuated. This is evident from the nearly asymptotic trend in Figures
3.6 and 3.7. The explanation for this behaviour is that, initially, increasing the thickness of the insulation
layer improves dormancy time by enhancing thermal resistance and reducing heat inflow. However,
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this positive effect is considerably mitigated once an optimal insulation thickness is surpassed. In fact,
while thicker insulation improves thermal performance, it also reduces the tank’s internal volume. A
smaller internal volume means less hydrogen can be stored, which negatively affects dormancy time
because it means that the same amount of heat from outside will act on a smaller amount of hydro-
gen. This suggests that beyond a certain insulation thickness, pushing further becomes non-beneficial
as dormancy time won'’t be significantly increased, but cruise time will be affected in an almost linear
manner.

3.3.1. Sensitivity analysis

The values of certain parameters characterising the single wall tank model are defined with a certain
degree of arbitrariness and may therefore assume any value within a well-defined range depending
on the choices made by the designer. It is therefore worth performing a sensitivity analysis in order to
evaluate what impact varying these parameters has on the tank’s overall performance.

Thermal conductivity of the insulation material
In the section 3.1, three different possible values for the thermal conductivity of the insulation material
has been defined: kp.s; = 0.010 W/mK (best value of the range), k,omina = 0.015 W/mK (average
value of the range), and k... = 0.020 W/mK (worst value of the range). Since the results that have
been previously presented refers to k,,ominai, it is important to assess the impact of assuming a different
thermal conductivity value for the insulation material on the thermal performance of the tank model.
The feasibility study has been performed again considering three different versions of each design
point depending on the value assumed by the thermal conductivity parameter of the insulation material.
The results are presented in Figure 3.8.
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Figure 3.8: Evaluation of various insulation thickness values for different design points varying the thermal conductivity value

It can be deduced from Figure 3.8 that using an insulation material characterised by lower thermal
conductivity leads to a direct increase in dormancy times. This is true if all other factors, such as
insulation thickness, remain equal. Additionally, by using an insulation material with lower thermal
conductivity, it is possible achieve a longer cruise time at the same dormancy time. This is because
the heat flow through the insulation material is directly proportional to the thermal conductivity of the
material used.

While it is always preferable to use a more performant insulation material, there are other impor-
tant factors to consider. These include cost, Technology Readiness Level (TRL), and other structural
characteristics of the material. These factors play a crucial role in determining the feasibility and effec-
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tiveness of the insulation system and, therefore, it is important to carefully weigh thermal performance
considerations alongside these additional factors when making design decisions.

Nevertheless, even if the thermal conductivity value of the insulating material is varied, the dormancy
time requirement is only achieved by tanks that are considerably larger than those specified for the
retrofit case study.

Venting pressure

Previously in this section, the three pressure parameters that characterised the tank model has been
defined as P,cnt, Prurst—dise: @nd Pyegign. Furthermore, Pyyrst—disc @nd Paesign Can be expressed as
function of P,.,; using the equations 3.5 and 3.6 respectively. In conclusion, varying P,.,; will have a
direct impact on the two other pressure values, which will consequently have an impact on the sizing
of the pipes and tank walls.

Three different possible values of P,.,.; has been defined: P,cyt hign =5 bar (implying Pyurst—disc,high
=7.5barand Pdesign,high =13.5 bar)1 Pventmom =4 bar ('mp|y|n9 Pburstfdiscﬁnom =6 barand Pdesignmom
=10.8 bar), Pyent.iow = 3 bar (implying Ppyrst—disc,iow = 4.5 bar and Pyegign. 10w = 8.1 bar). The results
are presented in Figure 3.9.
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Figure 3.9: Evaluation of various insulation thickness values for different design points varying the Py, value

The variation of Pyen, and thus Pyyrsi—dise @aNd Pyesign, €an significantly impact the overall perfor-
mance of a tank. An increase in venting pressure means that a greater pressure difference needs to
be overcome to reach the point when the vent relief valve opens to release hydrogen gas. This results
in a longer time needed to reach the venting pressure, also known as dormancy time.

However, a higher venting pressure also leads to an increase in burst disc pressure and design
pressure, which affects the sizing of pipes and the shell. Thicker pipes lead to a higher heat inflow
through them, and thicker shells result in a reduction of the tank’s internal volume affecting the cruise
time. Moreover, both factors contribute to an increase in the total weight of the tank, which is generally
not desirable.

This complex combination of effects is clearly visible in Figure 3.9 for the D-3000 L-7500 design
point. For low insulation thicknesses (on the left-hand side of the curves), the insulation is not effective
enough to prolong dormancy times, regardless of the venting pressure applied. The design pressure
affects the shell thickness and internal volume of the tank, leading to a clear impact on the cruise time.
A higher venting pressure (and design pressure) results, in fact, in a shorter cruise time. However, if
the insulation thickness is increased enough to achieve a considerable thermal effectiveness of the
insulation system, the impact of increasing the venting pressure becomes more evident. For the same
dormancy time, the tank with higher venting pressure will have a higher cruise time.



3.3. Results and discussion 42

Therefore, evaluating the optimal design choice for a tank becomes complex and depends on the
specific application and desired outcome, particularly in the case study. Nevertheless, even if the
venting pressure value is varied, the dormancy time requirement is only achieved by tanks that are
considerably larger than those specified for the retrofit case study.

3.3.2. Final considerations

The analysis of the single-wall tank architecture reveals significant challenges that render this design
unfeasible for the case study. In fact, even when varying the parameters characterising the architecture
within the respective permissible ranges, the result is that the dormancy time requirement is not met
for the three design points of the retrofit case study. The primary limitations arise from the inability to
adequately manage thermal loads and maintain the necessary insulation to ensure compliance with
the dormancy time requirement. The high heat leakage through the tank walls significantly reduce the
dormancy time, preventing the tank from meeting operational requirements.

As a result, alternative approaches for viable design solutions are needed.



Double wall tank

As stated in the literature review (chapter 2), double-wall architecture with vacuum-based insulation
could offer a better thermal performance than single-wall architecture with material-based insulation.
These tanks, known as Dewar type tanks, consist of two structural walls with minimal physical contact
and feature a vacuum layer in between. The vacuum jacket is evacuated to reduce convective heat
transfer and residual gas conduction between the liquid hydrogen and the external environment. Ad-
ditionally, reflective membranes like multi-layer insulation (MLI) are incorporated to further reduce the
radiation heat flux and consequently boil-off rates. However, the double-wall architecture requires a
support system for the inner vessel in order to maintain its proper positioning, adding complexity to
the design of the structure. In general, therefore, the disadvantages are related to the higher cost and
complexity associated with this type of architecture.

As has been done in the chapter 3 for the single wall tank, it is important to check whether a double-
wall architecture would be able to meet the requirements regarding both time of flight (cruise time of
at least 20 minutes) and dormancy time (dormancy time of at least 24 hours). If this type of architec-
ture proves to be suitable to meet the requirements, then the structural evaluation of the tank will be
performed with particular attention to the design of the inner tank supports.

4.1. Double wall tank model

The subject of this section is a cylindrical double-wall LH> vessel with hemispherical ends. The pro-
posed design entails outer and inner aluminum vessels, an insulation system consisting of HV-MLI
(high vacuum multi-layered insulation), two composite structural supports, and three aluminum pipes.
As far as pipes and vessel structural supports are concerned, the choices and considerations valid for
this model are the same as for the single-wall model presented in section 3.1. The double-wall tank
model is presented schematically in Figure 4.1.
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Figure 4.1: Double wall tank model
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Shells

The design choices concerning shape and material of inner and outer vessels are the same as those
made for the single wall tank model presented in section 3.1. The selected shape is in fact a cylinder
with hemispherical ends and the material is the aluminum alloy AL5083-0O.

For the double-wall architecture, the sizing process is different for inner and outer vessels: the inner
vessel is subject to internal pressure while the outer vessel is subject to external pressure. For both
cases, the guidelines followed are derived from the ASME standards [13]. For the inner vessel, the
reference is the general requirement UG-27 ("thickness of shells under internal pressure”) while, for
the outer vessel, the reference is the general requirement UG-28 ("thickness of shells and tubes under
external pressure”).

Insulation

The insulation system selected for the double-wall tank model is high-vacuum insulation coupled with
multi-layer insulation (HV-ML), given its wide use for storage of cryogenic liquids. As previously pre-
sented in subsection 2.4.1, the vacuum jacket is installed between the outer vessel (warm bound-
ary) and the inner vessel (cold boundary), and the high vacuum (HV) function reduces the residual
gas conduction and convective heat transfer between the external environment and cryogenic liquids.
Multi-layer insulation (MLI) is also introduced in order to further improve the thermal performance of
the insulation system, reducing heat transfer by radiation, while keeping heat conduction through the
spacer material and the residual gas low. The performance of HV-MLI systems is influenced by sev-
eral critical parameters, each contributing to the overall effectiveness of the insulation (reference to
subsection 2.4.1):

» Vacuum pressure: in order to maintain the apparent thermal conductivity of the insulation system
below 10~* W/mK, the vacuum pressure should remains below 10~! Pa. As the vacuum pressure
exceeds 10! Pa, there is a considerable rise in the apparent thermal conductivity that would
compromise the performance of the insulation system.

» Layer density: while increasing the number of shields can reduce radiative heat transfer, a

higher packing density can enhance solid conduction through improved contact between radi-

ation shields and spacers. This presents a trade-off, emphasizing the need to find an optimal
layer density for each specific application.

Emissivity of the radiation shields: for the double wall tank model, double aluminized Mylar with

an emissivity value of 0.04 is assumed.

» Thermal conductivity of the spacer material: for the double wall tank model, the material is as-
sumed to be Dacron net which is a polyester fiber made by DuPont. The thermal conductivity of
this material is expressed as a function of temperature (later presented in Equation 4.11).

» Type of residual gas: the preferable residual gas choice consists of a residual gas characterised
by low EAC and low apparent thermal conductivity across varied vacuum conditions. This would
allow the insulation system to maintain low apparent thermal conductivity throughout the transition
from molecular to continuum regimes.

4.2. Methodology for investigation of double-wall tank architecture

To evaluate the potential of this tank’s application in hydrogen-powered aviation, a MATLAB code was
developed. Similarly to the algorithm developed for single-wall tank architecture (section 3.2), after
initialising the parameters that characterize the double-wall tank model, the code considers the various
design points selected in order to evaluate both cruise time and dormancy time. For every version of
each design point, it is then necessary to calculate the the thickness of the inner and outer aluminium
shells, thermal resistances of the pipes and supports of the inner vessel, the cruise time, the heat inflow
through the tank walls (aluminium shells + vacuum layer) and the dormancy time. Once these are
calculated, it is possible to assess whether and which design points are able to meet the requirements.

In the calculations to be performed for the double wall tank model, there are several similarities with
what has been done for the single wall tank model. The pressure parameters characterising the tank
model are defined in exactly the same way and the calculation of cruise time and dormancy time follow
the same steps and equations. The design points evaluated are exclusively those from Yi-Hsiu’s thesis
work [82] as this type of model is expected to meet the requirements for the considered case study.
These are shown in the table 4.1.
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Table 4.1: Design points considered in the analysis

External diameter [nm] | External length [mm] | Number of tanks | Surface/Volume
498 2339 15 8.65
498 2570 14 8.59
750 2600 7 5.90

For each of the design points, the following versions are evaluated:

« varying vacuum pressure Py,c..m between 107> and 1 Pa
+ varying the number of MLI layers Ny, between 10 and 50

+ varying the thickness of HV-MLI insulation layer t,4c..m between a minimum value depending on
the diameter of the pipes and a maximum value equal to 20% of the external diameter of the tank

+ varying the type of residual gas (gases presented in Figure 2.5)

Heat Input
The total heat flow into the storage vessel is expressed in Equation 4.1.

Qtotal = Qtankfwall + Qpipes + qupports (41)

where Qrank—wau is the heat flow through the tank wall (inner and outer shells + HV-MLI layer), Qpipes
is the heat flow through the three pipes, and qupports is the heat through the inner vessel supports.
Regarding the calculation of Qp,;pes and qum,om, the methodology is the same as what has been
described in section 3.2. The heat flow through the tank wall Qtank—wan is calculated according to
equations 4.2 and 4.3.

= Tezt - Ent
Qtank—wall = (42)
Rtank—wall
1 1
Rtank—wall ="+ RHV—JWLI + (43)
kal7innersal7inner kal,outerSal,outer

where T.,, is the temperature of the environment surrounding the tank, T}, is the temperature of the
inside of the tank, Ri.nk—wau is the thermal resistance of the walls of the tank, k4 inner @nd kai outer
are the thermal conductivity values of aluminum alloy AL5083-O for the inner shell and outer shell
respectively, Su inner @nd Suouter are the thermal shape factors of the inner shell and outer shell
respectively, and Ry 11 is thermal resistance of the HV-MLI insulation layer.

In order to quantify the heat flow through the insulation layer, a heat transfer model has been im-
plemented based on the one presented in reference [85]. The following assumptions are introduced to
simplify the problem as a one-dimensional conduction:

» The spacer placed between two consecutive layers of low-emissivity metal foil does not have an
impact on the radiation heat leakage.

» The spacer placed between two consecutive layers of low-emissivity metal foil is a finite space.

» The longitudinal conduction through MLI is not taken into account, and conduction is assumed to
be solely radial.

In order to obtain the thermal resistance of the entire HV-MLI insulation system, the contribution
of each individual layer bounded by two adjacent surfaces must be calculated. The HV-MLI insulation
system model considered is presented in Figure 4.2.

The boundary surfaces of a certain layer can be either one of the low-emissivity metal foils or the
inner surface of the outer vessel (first layer) or the outer surface of the inner vessel (last layer). The
main contributions to the thermal resistance of each individual layer of the insulation system come from
radiation between the reflection shields, residual gas conduction, and solid conduction through the
spacers. So, to summarise the calculation steps, the equivalent thermal resistance of each individual
layer is calculated by considering the three thermal resistances of the three heat transfer modes as
resistances in parallel, and then the total thermal resistance is subsequently calculated by considering
all the equivalent thermal resistances of the various layers of the insulation system in series.
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Figure 4.2: Schematic of MLI interlayer thermal resistance

The thermal resistance of the i-th layer can be expressed by Equations 4.4, 4.5, 4.6, and 4.7.
1 1 1

Req,i = ( Foon - oo + Rs,,»)il (4.4)
Rrads = AKld (4.5)

Ry = AKlw (4.6)

R = A;( @.7)

where R,.q ; is the thermal resistance of radiation heat transfer between two adjacent reflection shields,
R,,; is the thermal resistance of residual gas, R, ; is the thermal resistance of solid conduction through
the spacer, A is the area of boundary surface, K4 ; is the radiation heat transfer coefficient, K., ; is
the residual gas heat transfer coefficient, and K ; is the solid heat transfer coefficient.

The radiation heat transfer between two adjacent reflection shields can be modeled using the for-
mulas for radiation heat transfer in two-surface enclosures. This represents the case where the net
rate of radiation heat transfer from surface 1 to surface 2 equals the net rate of radiation heat transfer
from surface 1 and the net rate of radiation heat transfer to surface 2 [24]. The radiation heat transfer
coefficient K,.,4,; can then be expressed by Equation 4.8.

Kyagy = Z0 + 1) T + 1) (4.8)

1, A 1
=tarEa -

where ¢ is the Stefan-Boltzmann coefficient o = 5.67x10~8W/m? K*, T}, and T; are the temperatures
of the outer boundary and the inner boundary of the i-th layer respectively, ¢;,1 and ¢; are the emissivity
of the outer boundary surface and the inner boundary surface of the i-th layer respectively (¢ = 0.04 for
double aluminized Mylar [40]), A;+1 and A; are the area of the outer boundary surface and the inner
boundary surface of the i-th layer respectively.

The conduction in residual gas is modeled using Kennard’s law. This law describes the heat transfer
between two surfaces in a gas with Knudsen characteristics, where the gas molecules’ mean free path
is larger than the gap between the two surfaces. This implies that the gas molecules mostly interact
with the surfaces rather than with each other. Kennard’s law is derived by analyzing how the speed
distribution, density, and temperature of the gas molecules affect this process of heat transfer [80]. The
residual gas heat transfer coefficient K, ; can be expressed by Equation 4.9.

R v+1
Kr i = Pvacuum Y= — 4.9
g N 8TMT,, 1 (4.9)
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where P,....m iS the residual gas pressure, « is the accommodation coefficient (o« = 0.3678 for Argon
[72]), R is the universal gas constant R = 8.314J/mol K, M is the molecular weight of the residual gas
(M = 39.948g/mol for Argon), T, ; is the temperature of the gas in the i-th layer T, ; = (7,41 — 13)/2,
v = ¢p/c, Where ¢, and ¢, are the isobaric specific heat and isochoric specific heat, respectively
(v = 1.667 for Argon).

The solid heat transfer coefficient K, ; can be expressed by equations 4.10 and 4.11 [55].

27T02f/\
Az

K= (4.10)

A =0.017+7-107%(800 — Tyug.i) + 0.022810g(Tivg.:) (4.11)

where C5 is an empirical constant (C; = 0.008 for Dacron net [86]), f is the relative density of the spacer
to the solid material (f = 0.03 for Dacron net [86]), Ax is the actual thickness of the spacer between
adjacent radiation shields, and ) is the thermal conductivity of the spacer material which, for Dacron
net material, is expressed as a function of the average temperature of the layer Ty, = (Ti11 — 13)/2.
The thermal resistance of the entire HV-MLI insulation system can be calculated using Equation 4.12.

Ryv_mrr = Z Reg i (4.12)

i=1

4.3. Results and discussion

Consistently with what is described in the methodology (section 4.2), every design point from table 4.1
has been evaluated from the point of view of time cruise and dormancy time. The feasibility region is
defined by a cruise time of more than 20 minutes (1200 seconds) and a dormancy time of more than 1
day (86400 seconds). For every design point different versions have been created by varying thickness
of HV-MLI insulation layer t,qcuum, Vacuum pressure P,,...m, humber of MLI layers Ny, r;, and type
of residual gas.

In this phase of analysis, the support structure of the inner vessel is simplified to two cylindrical
composite supports extending longitudinally through the insulation layer. This is justified by the fact
that the main objective is to provide a realistic approximation of the heat leakage through the support
structure. However, it is important to define the actual budget for the heat leakage through the support
structure, i.e. the maximum allowable heat inflow through the supports that still allows to meet the
dormancy time requirement.

4.3.1. Varying the thickness of HV-MLI insulation layer ¢,,..um

The thickness of HV-MLI insulation layer t,,c.um is defined in a range between minimum value depend-
ing on the diameter of the pipes and a maximum value equal to 20% of the external diameter of the
tank. This range has been defined so as to prevent excessively thin insulation layers that do not allow
enough distance between the walls of the shells and the pipes (the aim is to avoid contact between
the walls of inner and outer vessels and the pipes, which are located in the insulation layer), as well
as excessively thick insulation layers that end up occupying most of the tank’s internal volume, thus
substantially reducing the volume dedicated to liquid hydrogen storage.

For tank sizes considered as design points, the pipe sizing process leads to diameter values of
approximately 0.020 m. Based on this, the minimum insulation layer value is set at 0.025 m.

Varying the thickness of HV-MLI insulation layer has an impact on both cruise time (variation of the
internal tank volume) and dormancy time (variation of layer density, implying variation of heat transfer
through the insulation layer). The general results are presented in the Figure 4.3 and, in order to show
more clearly what the dependence of cruise time and dormancy time actually is on insulation thickness,
these have been depicted individually in Figures 4.5 and 4.4 respectively. The following parameters
take on their respective values at this stage: P,.,; = 4 bar, Pyacuum = 1072 Pa, Njr; = 30, Argon as
residual gas.
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Figure 4.5: Evaluation of cruise time for various HV-MLI insulation thickness values and different design points

The dependence of cruise time on vacuum thickness is immediately apparent from Figure 4.5: for
every increase in vacuum thickness, the internal volume of the tank decreases, implying that less
hydrogen can be carried and made available during the cruise phase. For some values of vacuum
thickness the minimum value required for cruise time cannot even be met.

The dependence of dormancy time on vacuum thickness, on the other hand, is a little more complex
(Figure 4.4): initially, an increase in vacuum thickness seems to be beneficial as it leads to an increase
in dormancy time. However, this trend is reversed once an optimum value is reached. Beyond this
point, a further increase in vacuum thickness leads to a decrease in dormancy time.

This behaviour can be explained by two coexisting trends. First, increasing the insulation thickness
leads to an increase in the thermal resistance of the insulation layer and thus a decrease in heat
inflow. This definitely has a positive effect as it allows an increase in dormancy time. At the same time,
however, increasing the insulation thickness also leads to a decrease in the internal volume of the tank
and thus a decrease in the mass of hydrogen that can be stored in it. This negatively affects dormancy
time because it means that the same amount of heat from the outside will act on a smaller mass of
hydrogen. This graph shows us that, above a certain limit, having an inner volume that is too small can
compromise the performance of the tank in terms of dormancy time, even if the thermal performance
of the insulation increases.

4.3.2. Varying vacuum pressure P, c,um

The vacuum pressure P,q... is defined in a range between 10~° Pa and 1 Pa. The upper bound
has been defined based on the consideration presented in section 4.1: the vacuum pressure should
definitely remain below 1 Pa so as to avoid apparent thermal conductivity values that are in the order
of magnitude of the thermal conductivity of material insulation systems, thus losing the benefits of the
vacuum layer. As for the lower limit, there are technical limitations related to the difficulty of obtaining
vacuum pressure values that are lower than 10~* — 10~° Pa.

Varying the vacuum pressure at the same insulation thickness has no impact on the internal tank
volume and consequently there is no change in cruise time. Consequently, only the effects on dormancy
time will be evaluated. The results are presented in the Figure 4.6. The following parameters take on
their respective values at this stage: P,c,; =4 bar, Na;r; = 30, tyacuum = 0.04 m, Argon is selected as
residual gas.
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Figure 4.6: Evaluation of dormancy time for various vacuum pressure values and different design points

As expected from the considerations presented in reference [78] and Figure 2.4, when the vacuum
pressure remains below 10! Pa, the heat inflow stays almost constant implying that also the dormancy
time stays almost constant. Consequently, in order to be certain to keep the thermal performance of
the insulation system constant during the operational life of the tank, it is necessary to remain below
10! Pa by a certain margin: values of vacuum pressure P,,....m» of 1072 Pa or lower (on the basis of
the tools available for vacuum creation) are then recommended.

4.3.3. Varying number of MLI layers Ny,

The number of MLI layers Ny, r is defined in a range between 10 and 50. As has been presented
in section 4.1 when discussing the influence of MLI layer density, the heat transfer by radiation can
be reduced by increasing the number of shields, but heat transfer by solid conduction increases with
increasing packing density since the thermal contact between the radiation shields and spacers gets
better. Furthermore, if the distance between two successive radiation shields decreases (increasing
the layer density), then the thickness of the spacers will decrease as well, implying shorter heat paths
and greater heat transfer by solid conduction. In general, therefore, for the same insulation thickness,
the goal is to obtain a number of MLI layers that allows for a sufficient reduction of the heat transfer by
radiation and at the same time does not lead to an excessive packing density, which would results in a
substantial increase of the heat transfer by solid conduction through the spacers.

Varying the number of MLI layers at the same insulation thickness has no impact on the internal tank
volume and consequently there is no change in cruise time. Consequently, only the effects on dormancy
time will be evaluated. The results are presented in the Figure 4.7. The following parameters take on
their respective values at this stage: P, = 4 bar, Pycuum = 1072 Pa, tyacuum = 0.04 m, Argon is
selected as residual gas.

As can be deduced from the graph in the Figure 4.7, increasing the number of MLI layers in the
range considered (between 10 and 50) results in an increasing dormancy time. This shows how the heat
transfer by radiation can be reduced by increasing the number of shields. It can then be concluded that,
in the range considered, the packing density does not reach values that would considerably increase
the heat transfer by solid conduction through the spacers and impact the general performance of the
insulation system.
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Figure 4.7: Evaluation of dormancy time for various number of MLI layers and different design points

4.3.4. Varying the type of residual gas

In the section 4.1, it has been discussed how the type of residual gas could have an impact on the gen-
eral performance of the HV-MLI insulation system. In general, the procedure leading to the creation of
vacuum in the space between the inner and outer shells involves the removal of gas molecules from
the defined volume through the use of vacuum pumps, which may be based on different principles (me-
chanical pumps operating according to the compression-expansion principle, molecular-driven pumps
such as turbopumps, and physical draw pumps such as cryopumps) [38]. Generally, the gas initially
present in the space between inner and outer vessel is air. Since the complete removal of all molecules
is technically impossible, the result will be the presence of residual gas, which may be air or another
gas that has been actively introduced to take the place of air.

Based on the characterisation of various residual gas examples presented in the reference [72], the
effect of the presence of different types of residual gas on the thermal performance of the tank was
evaluated. In particular, the focus was brought to the design point D-518 L-2500, as it is the most
critical based on shortest dormancy time.

Varying the type of residual gas at the same insulation thickness has no impact on the internal tank
volume and consequently there is no change in cruise time. Consequently, only the effects on dormancy
time will be evaluated. The results are presented in the Figure 4.8. The following parameters take on
their respective values at this stage: P,.,; = 4 bar, P,ucuum = 1072 Pa, tyacuum = 0.04 m, Nyrr = 30.

From Figure 4.8 it can be concluded that, in the case where the vacuum pressure is less than 102
Pa, the difference in terms of dormancy time for the different versions with different types of residual
gas is practically negligible. In the range between 10=2 and 1 Pa, however, the differences become
more pronounced. For some gases (Air, Dy, H>, and N;) even the minimum requirement for dormancy
time can no longer be met for pressures approaching 1 Pa.

From this it can be deduced that under optimum operating conditions for vacuum pressures be-
low 10~2 Pa, the difference between the various types of gas is practically imperceptible. However,
considering sub-optimal operating conditions where, for example, a malfunction occurs in the vacuum
pressure maintenance system, some gases prove to be better then others at coping with these possible
increases in vacuum pressure. In general, it may be favourable to choose these gases characterised
by a more stable thermal conductivity in the transition from molecular to continuum regimes in order
to be able to accommodate minor malfunctions of the vacuum pressure maintenance system without
excessive damage.
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Figure 4.8: Evaluation of dormancy time for various residual gases

4.3.5. Budget for the heat leakage through the support structure quppm&maw

The budget for the heat leakage through the support structure, denoted as quppom,max, represents
the maximum allowable heat inflow through the supports that still allows to meet the dormancy time
requirement. This parameter must be calculated for each tank design in order to obtain specific thermal
performance requirements for the inner vessel support structure.

The direct approach would be to calculate the total heat inflow from the external environment that
corresponds to the minimum acceptable dormancy time for a specific tank. Then, subtract the other
two contributions to the heat inflow, i.e. heat inflow through the tank walls and through the piping.

Calculating dormancy time is, however, a complex process as it requires determining iteratively the
thermodynamic state of the hydrogen stored in the tank at each time step until the internal pressure
reaches the characteristic venting pressure value P,.,,; of the tank considered (see section 3.2). A more
straightforward approach to estimate the budget for the heat leakage through the support structure for
a given tank involves evaluating the dormancy time performance for various iterations of the original
design (i.e. the one including two longitudinal composite supports). In each iteration, the heat leakage
through the support structure is gradually increased from its initial value until the version that corre-
sponds to the minimum acceptable dormancy time is identified. At that point, the value taken for the
heat leakage through the support structure will correspond to the maximum allowed, i.e quppommm.

For every design point from table 4.1, different versions have then been created by varying the
parameter qupports. In particular, for every design point, the original heat leakage through the support
structure is multiplied by a factor f, defined in a range from 1 to 200.

It is clear that varying the heat leakage through the support structure for the same insulation thick-
ness has no impact on the internal volume of the tank and consequently no change in cruise time.
Consequently, only the effects on dormancy time will be evaluated. The result are presented in Fig-
ure 4.9. The following parameters take on their respective values at this stage: P,.,; =4 bar, Ny =
30, tyacuum = 0.04 m, Argon as residual gas, P,qcuum = 1072 Pa.



4.3. Results and discussion 53

457

D-498 L-2339
D-498 L-2570
4 — D-750 L-2600
— — — — required dormancy time

T
7

Dormancy time [s]
. )
|
vl
S
/

S}
I
/

et

J
0 20 40 60 80 100 120 140 160 180 200
Multiplicating factor fq

Figure 4.9: Effect of increased heat leak through the support system on dormancy time

From this graph, it is possible to extrapolate the maximum multiplication factor f; ... that still allows
to meet the dormancy time requirement for the specific tank design. Multiplying the original value of
qupports by the factor f; 4. gives the qupportsvmax. The original value of heat leakage through the
support structure qu,,po,.ts which was considered in the previous analysis, is calculated on the basis
of the values presented in table 4.2 and the Equation 4.13 (reference to section 3.2).

Table 4.2: Values characterising the simplified support structure

Nsupports Tewt Tint me’dge,c kGlO—CR Asupport
2 305K | 20.26 K | tyecuum | 0.25 WImK | 7.23 + 10~ %m?
- Tew - Tzn Tea: - En
qupports = Nsupports# = supports#kGlofCRAsupport (413)
Rsupport me'dge,c

where Li;iq4c ¢ is the length of the support through the insulation layer (equal to the thickness of the
insulation layer tyqcuum ), kaio—cr is the thermal conductivity of G10-CR glass fiber composite, Agypport
is the cross-sectional area of a support, T, is the temperature of the environment surrounding the tank,
T;nt is the temperature of the inside of the tank, and Nypports is the total number of supports.

Knowing that the insulation thickness value assumed for this analysis is tyqcyum = 0.04 m, it is
possible to calculate the original values of qum,m.ts for every design point and, after extracting the
respective maximum multiplication factors f; ,..., finally obtain the budgets for the heat leakage through
the support structure quppo,,.tsﬂ,m. The results are presented in table 4.3.

Table 4.3: Values characterising the simplified support structure

D-498 L-2339 | D-498 L-2570 | D-750 L-2600
Qsupports W] 0.2572 0.2572 0.2572
Famas 32 37 116
Qsupports.maz W] 8.2297 9.5156 29.8328

The results presented in Table 4.3 demonstrate that the heat leakage budget through the support
structure Qsupports,mae for all the evaluated designs exceeds the original heat leakage values Qsupports-
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This difference indicates that there is additional thermal margin available, providing flexibility to intro-
duce different support structure configurations without compromising the overall thermal performance
of the tank. This thermal margin enables the exploration of different materials and/or geometries for
the supports, offering the possibility to further optimize the tank’s design for operational and safety
requirements.

Furthermore, it can be noticed that the larger tank (D-750 L-2600), with all the other parameters
being equal, has a significantly higher budget for the heat leakage through the support structure than the
other two tanks (D-498 L-2339 and D-498 L-2570), which have very similar dimensions. This reconfirms
the concept that a larger tank characterised therefore by a lower surface area-to-volume ratio will have
a lower heat inflow from the external environment, resulting in a higher thermal performance. This
leaves room for a larger heat inflow budget through the support structure.

Obviously, the same procedure must be repeated if one of the parameters characterising the geom-
etry or performance of the tank is changed.

4.3.6. Final considerations

The evaluation of the double-wall tank architecture indicates significant potential for successful appli-
cation in the case study. This design provides enhanced thermal performance through vacuum-based
insulation, which significantly minimizes heat transfer. As a result, the tank is able to meet the strin-
gent dormancy time requirements across all three design points considered for the retrofit. The overall
benefits in terms of performance make the double-wall architecture a viable and attractive option for
hydrogen storage in aviation applications.

Moreover, the analysis of the heat leakage budget through the support structure quppm&mw re-
veals that the maximum allowable heat leakage is higher than the originally calculated values. This
offers additional thermal margin, providing flexibility to introduce alternative support structures or op-
timize the existing ones without compromising the overall thermal performance. This available heat
leakage budget also imposes a thermal requirement for the support structure, as any introduced de-
sign must stay within the allowable heat inflow limit while meeting structural and operational demands.

However, to fully demonstrate the feasibility of this architecture, the next step involves designing an
inner vessel support structure capable of withstanding even the most extreme operational conditions.
This introduces additional complexity to the design, as the support structure must satisfy both structural
and thermal requirements. The development and analysis of the inner vessel support structure will be
addressed in the following chapter 5.



Inner vessel and support structure

In the case of double-wall tank design, the presence of both an outer and inner vessel necessitates a
comprehensive approach to maintain proper positioning and overall structural integrity. A key element
of this approach is the support system for the inner vessel, which is crucial to prevent contact between
the inner vessel and the walls of the outer shell, while also accommodating thermal contraction and
expected G-forces in all directions.

Finding the optimal design for the inner vessel supports is challenging since it involves balanc-
ing structural integrity, thermal insulation, and weight optimization. These supports need to withstand
dynamic forces, accommodate thermal expansion/contraction of the inner vessel, and minimize heat
transfer while meeting space and weight constraints.

This chapter aims to give an overview of the requirements that a possible design for inner vessel
supports must fulfill, to assess the inner vessel displacements caused by temperature and pressure
variation (AT and Ap), to develop a methodology for analysing the thermal and structural performance
of possible support structures’ designs, to propose design concepts that might be appropriate, and to
evaluate the results.

5.1. Requirements

In the design process of the inner vessel support system, it is important to take into account all the
criticalities that the tank may encounter during its operational life in order to achieve a safe and robust
design.

First filling of the tank

The step into the operational life of a tank involves the first filling after the tank has been manufactured.
During this process, the inner vessel of a double-wall L H, tank experiences a significant temperature
difference. The manufacturing process of the tank takes place under standard environmental con-
ditions, with an ambient pressure of approximately 101000 Pa and a temperature of around 300 K.
However, when the tank is filled with liquid hydrogen for the first time, the inner vessel experiences
an extreme change in temperature, dropping to cryogenic levels of about 20 K. This results in a sig-
nificant temperature differential of approximately 280 K between the manufacturing and operational
states. Additionally, once the tank becomes operational (right after being filled), the internal pressure
rises to a level just below the venting pressure. This operational pressure typically falls within the range
of 300000 to 500000 Pa, as discussed in section 3.2, leading to a pressure differential in the order of
200000 to 400000 Pa.

Therefore, the inner tank must endure varying temperature and pressure conditions going from the
manufacturing phase to the operational phase. Understanding how much a vessel expands or contracts
when pressure and temperature undergo a change is essential, especially when designing the inner
vessel supports. Itis crucial to ensure that these dimensional changes do not lead to significant thermo-
mechanical stresses in the support structure and its connection.

Another effect that must be considered is that the introduced temperature change directly affects the
supports of the inner vessel. Initially, both the outer and inner boundaries of the support system (which
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correspond to the outer and inner vessel, respectively) were at ambient temperature. However, after
filling, the inner boundary’s temperature is determined by the presence of liquid hydrogen, reaching
20 K. As a result, the outer and inner boundaries are now at different temperatures, leading to the
development of a temperature distribution through the connection structure between the inner and
outer vessel. This temperature distribution could be responsible for a distribution of thermal stresses:
different portions of the support structure are subjected to different temperature variations between
before and after first filling (depending on the temperature distribution in the support structure after
filing) and would like to expand/contract accordingly, but at the same time are constrained by the
surrounding portions and the external boundaries.

Operational and crash loads
Over its operational life, a particular airplane will experience discrete maneuvers that could generate
high maneuver loads, which are expressed in terms of accelerations. These loads arise from such
activities as a very sharp turn or rapid upward or downward movement or other dynamic flight activities
that repeatedly apply extensive forces to the structure of an airplane. The crash loads originate from
an impact event and, by nature, are more severe and much more critical than maneuver loads for the
structural integrity of the airplane. Due to these reasons, maneuver loads appear much less relevant,
and in this study, the understanding and mitigation of crash loads is a major concern for safety and
structural soundness.

The general emergency landing provisions (regulated in chapters 25.561 25.563 of CS-25 and
chapter 25.561 25.563 of FAR-25) define the ultimate inertia forces acting separately relative to the
surrounding structure as presented in Table 5.1.

Table 5.1: Ultimate inertia forces acting separately relative to the surrounding structure

Upward | Forward | Sideward | Downward | Rearward
3.049 90g¢ 4049 6.0g 1549

The equipment, and any large items of mass in general, must be securely restrained to withstand
all loads up to those specified above. Furthermore, in order to comply with AMC 25.963, the fuel tanks
must be designed to endure the prescribed inertial load factors for emergency landing conditions within
the fuselage contour. It is important to note that if the tanks are required to be frequently removed, an
additional multiplying factor of 1.33 must be applied to these load factors to account for the increased
demands on the structural design.

The emergency landing dynamic conditions (according to CS 25.562 and FAR 25.562) involve strin-
gent requirements to protect occupants by maintaining specific deceleration limits and ensuring that
the injury criteria are not exceeded. During an emergency landing scenario, in fact, the aircraft expe-
rience a change in downward vertical velocity and forward longitudinal velocity. The analysis of how
these conditions determine the acceleration spectrum applied to tanks (which also depends on the
type of support structure and the specific location of the tank) was part of the thesis project carried out
by TU Delft master student Yi-Hsiu Wu [82]. The dynamic loading condition considered consists of a
drop test conducted on the section of the fuselage containing the hydrogen tanks with a vertical impact
speed of 9.14 m/s. This test provided valuable data on the acceleration spectra measured at the tank
heads, which serve as the foundation for understanding how the impulse generated by the drop test on
the fuselage is transmitted to the internal components of the tank: the internal vessel and its support
system [82].

Tank performance

Once the minimum requirements in terms of loads (thermal and mechanical) that the support structure
must be able to support have been defined, it is necessary to evaluate which strategies to adopt in
order to minimize the heat leak between external and internal environment. In fact, an excessive heat
leak through the support structure could seriously compromise the general thermal performance of the
tank and, consequently, the ability to meet the dormancy time requirement.

Evaluating the heat leakage budget for the support structure is essential for each tank design. De-
noted as quppm&mm, this budget represents the maximum allowable heat inflow through the supports
while still meeting the dormancy time requirement. This parameter must be calculated in order to es-
tablish specific thermal performance requirements for the inner vessel’s support structure. Although
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minimizing heat leakage is ideal, this threshold is crucial as it defines the upper limit of allowable heat
inflow, ensuring the tank’s thermal performance stays within acceptable limits.

The heat transfer rate from outer to inner vessel through the inner vessel support system is in-
fluenced by the dimensions and shape of the supports, the thermal conductivity of the material they
are made from, and the contact thermal conductivity between them and the walls. The inner tank-
supporting structure materials should then be characterised by a combination of high strength and low
thermal conductivity. Some possible configurations have been presented in section 2.4.1, based on
the literature study conducted previously.

To summarize, a suitable design for the inner vessel support system must meet the following require-
ments to be considered for use in a double wall tank for an aircraft retrofit:

» Accommodate the inner vessel’s displacements while minimizing the risk of inducing excessive
stresses that could lead to plastic deformation or even structural failure

» Withstand the crash loads without failing or causing damage to other components: both quasi
static accelerations and dynamic crash conditions

* Minimize the heat leak from the outside to the inside of the tank in order to meet the dormancy
requirement and enhance the thermal performance of the tank

5.2. Model of the outer vessel

The outer vessel is a shell that consists of three main regions: spherical dome 1, cylinder, and spherical
dome 2. In the analysis performed, the outer vessel is consistently modeled as a rigid body for the
following reasons:

« Firstly, the outer vessel is not exposed to significant differences in temperature or pressure, mean-
ing that no substantial expansion or contraction is expected to occur. The temperature differential
between the environment and the outer vessel remains relatively stable, minimizing any deforma-
tion resulting from thermal effects.

» Secondly, the external support structure of the tank is designed to ensure that no deformations
are introduced to the vessel itself. The structural framework is specifically constructed to prevent
any external forces or loads from distorting the tank, ensuring that the outer vessel maintains its
integrity under operational conditions and emergency landing conditions. This design considera-
tion is further supported by the analysis performed in Yi-Hsiu’s thesis, which demonstrated that
no plastic deformation or damage was found on the tanks [82].

5.3. Model of the support structure

The supports are modeled as beams characterised by axial stiffness and flexural stiffnesses.
In Figure 5.1, a schematic of the interaction between a single support and the two vessels is presented.
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Figure 5.1: Model of the interaction between a single support and the two vessels
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For ease of modelling, it is assumed that all supports in the support system have the same geometrical
and material characteristics. Furthermore, the geometry assumed for the cross-section of the supports
is axisymmetric.

The coordinate system of the support is composed by the following:

» x, coordinate: one of the two orthogonal axes within the plane of the beam’s cross-section.
* y, coordinate: the other orthogonal axis within the plane of the beam’s cross-section.
» 2z, coordinate: aligned with the axial direction of the beam.

Each support connects the outer vessel to the inner vessel, with one end in contact with each of the
vessels. The connection with the outer vessel is fixed, so the beam can be modeled as a cantilever
beam. The connection with the inner vessel is pinned, so that axial and lateral movements are confined
without impeding rotational motion. The axial and lateral loads exerted by each support on the inner
vessel result from the support’s reaction to the vessel’s displacements at the contact point (u,, vs, and
ws), which depend on the stiffness properties of the support, and have same direction but opposite
orientation of the displacement vectors at the contact point.

The forces that are applied by the inner vessel on the support are simply the reaction forces that
develop at the contact point. They are therefore exactly equal and opposite to the forces exerted by
the support on the inner vessel. These loads (£, s, F s, and F, ) can be considered as applied at the
free end of the beam, which is the one in contact with the inner vessel.

The values of axial stiffness (k., ., ) and flexural stiffnesses (k. ., and k,_._) can then be respectively
expressed as presented in the Equation 5.1.
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where E is the Young’s modulus of the material selected for the support, A, is the cross-sectional area
of the support, L, is the length of the support (equal to the thickness of the vacuum layer ¢,cyum ), and
I, is the moment of inertia about the neutral axis of the beam.

5.3.1. Assumptions for the support structure

As previously presented in section 4.3.5, for each specific tank design, it is possible to obtain the maxi-
mum allowable heat inflow through the supports that still allows to meet the dormancy time requirement
(budget for the heat leakage through the support structure qupportsﬁmw). This parameter is of funda-
mental importance in the design of the support structure as it limits the design possibilities to only
combinations of support structure variables capable of guaranteeing compliance with the dormancy
time requirement.

The variables influencing the heat inflow through the support structure are: the length of the support
through the insulation layer (equal to the thickness of the insulation layer t,,...m in case of straight
supports), the thermal conductivity ks.,p0r¢ Of the material selected, the cross-sectional area of the
supports Ag,pport, and the total number of supports Ny, pports- The thermal performance requirement
must then be translated into requirements for the design variables considering that the expression for
calculating the heat inflow through the support structure is the one presented in Equation 5.2.

Tez - En
#ksupportAsupport (52)

qupports = Nsupports t
Once the tank design has been selected, the value of the thickness of the insulation layer ¢, qcuum
will then already be fixed. For the remaining parameters, the following considerations can be made:

* Total number of supports Ng,pports. Wanting an axisymmetrical configuration of the support struc-
ture, the minimum number of supports must be 2.

* Thermal conductivity ks.,p0r+ Of the material selected: this parameter refers to a material’s intrin-
sic ability to transfer or conduct heat. For this specific application, the goal is generally to limit
heat transfer through the support structure and therefore the choice would be materials with low
thermal conductivity. Considering most known materials, possible thermal conductivity values
are defined in a wide range from 0.01 W/mK to 1000 W/mK.
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* Cross-sectional area of the supports Ag.pport: When defining the size and characteristics of the
cross-section, it is important to keep into account the phenomenon of local buckling. Consider-
ing a cross-section under compression/shear as a combination of individual plate elements con-
nected together, one must assess the risk that these plate elements, laterally supported along
edges and subjected to membrane compression or shear, may buckle prematurely (before the
overall column buckling or overall beam failure by lateral buckling or yielding) [74]. Thus, local
buckling imposes a limit to the extent to which sections can be made thin-walled. Assuming a cir-
cular ring cross-section, the local buckling phenomenon is called wrinkling and observed as sym-
metric corrugations on a tube wall under axial compressive loading [45]. Theoretical equations
have been derived to predict the critical axial compressive stress that causes a tubular member to
become unstable, leading to the formation of wrinkles. Assuming ideal conditions (homogeneous
and isotropic tubular material, concentric and uniform loading, and flat, burr-free tube edges) the
expression and the corresponding t/R ratio requirement are presented in Equation 5.3.
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where o, is critical axial compressive stress, v, and E, are respectively the Poisson’s ratio and
the Young’s modulus of the material selected for the supports, R, and t, are respectively the outer
radius and the thickness of the circular ring section. To avoid the phenomenon of local buckling
in the elastic regime of the component, o, must be bigger than or equal to the yield stress of the
material selected for the supports o, ;. The condition on the t/R ratio can be finally expressed as
Equation 5.4.
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For a specific tank design, it is crucial to understand which combinations of these parameters are
actually acceptable from the point of view of the budget for the heat leakage through the support struc-
ture qupport&mm. This feasibility study for the various options can be carried out by analysing what
is the maximum number of supports N ... allowed for a certain combination of cross-sectional area
of the supports A,pport @nd thermal conductivity of the material considered kg, ppor:. If the maximum
number of supports allowed to respect the heat leakage budget is equal to or more than 2, then the
combination can be considered as potentially feasible.

Using the characteristics of the specific tank as input, the respective value of Qs,,,,,ports,mm can
be obtained by following the method presented in section 4.3.5. For each combination of A,y and
ksupport, the maximum permissible number of supports can be calculated according to the Equation 5.5.

Q ts mawtvacuum
Ns maz,c — SUPPOTTS, (55)
’ ’ Asupport,cksuppm’t,c(Tert - Tint)

where N 04, 1S the maximum number of supports allowed for the combination c, qupports_,mam and
tvacuum are respectively the budget for the heat leakage through the support structure and the thickness
of the insulation layer for the tank design considered, A, pport,c aNd kgypport,c are respectively the cross-
sectional area of the supports and the thermal conductivity for the combination ¢, T, is the temperature
of the environment surrounding the tank and T;,,; is the temperature of the inside of the tank.

After analysing all possible combinations, it will be possible to differentiate between combinations
that are potentially feasible or not and, for potentially feasible combinations, know what the maximum
allowed number of supports is.

It is important to specify ‘potentially feasible’ because there are several other requirements to con-
sider before attesting to actual feasibility. In fact, the mechanical characteristics of the material and the
geometric characteristics of the supports must be such that the support structure can also withstand the
stresses induced by the shrinkage of the inner vessel without plastic deformation and the crash loads
without failure. In fact, the study of potentially feasible configurations is a tool for learning which config-
urations meet the thermal requirements and provides a basis of possible configurations for evaluating
the structural performance of the support structure.
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5.3.2. Analysis of stresses in the support structure
In order to evaluate the stresses in the supports, Navier’s formula for beam normal stress can be applied
(Equation 5.6) [41].

N Myz M:cz
Oz, = A, I, Ts + I Ys
where o, ; is the normal stress, z;, y,, and z, are the principal axes of inertia of the support, NV is the
axial force, A, is the cross-sectional area of the beam, MM, and M, are the bending moments, I,, and
I, are the moments of inertia of the beam’s cross-section.

By understanding the boundary conditions and the external forces applied to the beam, it is possible
to derive the expressions for the axial load and bending moments along the beam. This involves
analyzing the structural system, which includes evaluating the constraint reactions and constructing
the internal force diagrams.

Figure 5.2 shows the steps of the analysis performed for the generic support previously described
in section 5.3. As presented in Figure 5.2, the expressions for the bending moments A, and M,
along the beam expressions can be found by exploiting the relations between bending moments and
shear loads (7, and T},), and the understanding of the constraint reactions.

(5.6)
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Figure 5.2: Determination of the generic support’s structural system

To conclude, the expressions obtained should be substitued in Navier’s formula (Equation 5.6),
obtaining the final expression for the normal stress in the generic support (Equation 5.7).

*Fw,s _ Fz),s(Ls - ZS)T + F‘u,s(Ls - Zs)

Oz, = As Iy U's Ia: Ys
kal‘ws (kflewvs)(Ls - Zs) (kflea:us)(Ls - Zs)
= — — '7
A I Ts + I, Ys (6.7)

where o, , is the normal stress, z,, ys, and z, are the principal axes of inertia of the support, F, s, F s,
and F, s are the forces applied by the inner vessel on the support (reaction forces developed at the
contact point), —F,, s is the axial force, A, is the cross-sectional area of the beam, F, ;(Ls; — z;) and
F, s(Ls — z5) are expressions for the bending moments M,z and M, z, I, and I, are the moments of
inertia of the beam’s cross-section, u,, v,, and w, are the vessel’s displacements at the contact point,
kqz is the axial stiffness of the support, and k., is the flexural stiffness of the support.
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Equation 5.7 will be employed to calculate the stress values at key locations within the cross-section
of the beam, known as stress recovery points. These points are carefully selected to ensure the criti-
cal stresses, which significantly impact the beam’s design and safety, are accurately captured during
structural analysis. Here are some common stress recovery points on a typical beam cross-section:

» Extreme fibers: These are the outermost points on the top and bottom surfaces of the cross-
section, where normal stresses due to bending are usually at their maximum or minimum.

» Centroid: The geometric center of the cross-section. For symmetrical sections, the centroid lies
on the neutral axis. Stresses are sometimes recovered at the centroid to evaluate the average
stress distribution.

» Corners: In non-circular cross-sections, such as rectangular or I-beams, corners often experience
complex stress states.

* Points along the height: Depending on the analysis, stresses might be evaluated at multiple points
along the height of the cross-section, such as at intermediate points between the neutral axis and
the extreme fibers.

Based on the cross section specification then the coordinates (z, y,) of the stress recovery points
must be defined. Furthermore, in order to assess the maximum values of the stresses along the beam,
the section at the clamped location must be evaluated (z, = 0).

5.4. Model of inner vessel

This chapter details the methodology for modelling and analysing the inner vessel. A theoretical ap-
proach is developed to investigate how the inner vessel performs when subjected to the pressure
difference Ap and temperature difference AT in the transition to operational life.

The inner vessel is modeled as a shell which consists of three regions: spherical dome 1, cylinder,
and spherical dome 2. A scheme is presented in Figure 5.3.

The coordinate system is composed by the following:

+ x coordinate: tangential to the shell surface. For the spheres, the x coordinate direction is defined
by the angle 6. For the cylinder, the z coordinate represents the longitudinal direction.

» y coordinate: tangential to the shell surface. For both the cylinder and the spheres, the y coordi-
nate is defined by the angle ¢.

 z coordinate: perpendicular to the shell surface.

The dimensions of the inner vessel (diameter, length, and thickness) follows the sizing process
presented in section 4.1 and, based on the solutions proposed by Yi-Hsiu Wu in his master thesis [82],
there are three possible sets of external dimensions of the tank depending on the packing strategy
chosen for the retrofit design. These are presented in table 5.2.

Table 5.2: Possible external dimensions of the tank

Retrofit design | Option n. | External diameter [m] | External length [m]
LSP 1 0.498 2.339
LHP 2 0.498 2.570
LCP 3 0.750 2.600

According to the information in section 4.1, the material selected for the inner vessel is the aluminum
alloy AL5083-0 and the relevant material properties are summarised in table 5.3 [29] [61].

Table 5.3: Relevant material properties of AL5083-O

Young’s modulus E [Pa] 8.093 % 1010
Poisson’s ratio v 0.33
Ultimate strength S, [Pa] 4.21 %108

Coefficient of Thermal Expansion o [m/m*K] | 25 10°
Thermal conductivity & [W/m*K] 80
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Figure 5.3: Model of the inner vessel

5.4.1. Deformation of the inner vessel due to AT and Ap

As presented in section 5.1, the inner vessel experiences a significant variation of temperature and
pressure conditions going from the manufacturing phase to the operational phase. This can be ex-
pected to result in an expansion/contraction of the inner vessel and quantifying this phenomenon is
important also for the design of inner vessel supports. In order to evaluate how the inner vessel would
deform in this condition, a MATLAB code that applies the principle of minimum total potential energy
was implemented.

The minimum total potential energy principle is one of the basic principles in structural mechanics,
which states that the state of stable equilibrium of a conservative system occurs at the minimum value
of total potential energy. This means that, among all the admissible displacements, the one that would
make the total potential energy a minimum will be the most accurate solution [51]. The admissible
displacement in this respect should be compatible with compatibility equations and the essential or
kinematic boundary condition [68]. This principle is a fundamental basis for the analysis of deforma-
tions and stresses in structural systems. In fact, for constrained structural systems, the applied forces
introduce deformation which is the incremental change to the new deformed state from the original
undeformed state. Deformation is actually the main unknown in any structural analysis, which leads to
the strains and finally the stresses within the system.
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The total potential energy for a conservative mechanical system is defined as the internal elastic
deformation energy (strain energy) minus the work performed by external forces in the process of
deformation (or the potential energy lost) [68], as expressed by Equation 5.8 [51].

ST, = 6(U — Wy) =0 (5.8)

where II; is the total potential energy, U is the strain energy, and W; is the work performed by the
external forces.

Strain energy

The strain energy is calculated using the volume integral over the strain energy density throughout the
volume of the structure. The strain energy density is defined as the total energy stored per unit volume
of material under consideration and, for linearly elastic materials, it can be expressed by Equation 5.9

Ua=Y 20 (5.9)
0J

where o;; and ¢;; are respectively the stress and strain in the 45 direction (i, j = x,y, 2).
The linear theory of thin elastic shells with arbitrary shape of the middle surface is derived on the
basis of Kirchhoff’'s assumptions [76], which state that:

* Normals to the undeformed middle surface remain straight and normal to the deformed middle
surface and do not experience any extension. This assumption means that all strain components
(both normal and shear) in the direction normal to the middle surface are zero: e,, = €;, = €,, =0

» The transverse normal stress is negligible compared to the other normal stress components and
can be disregarded. It can then be assumed that: ¢,, =0

The strain energy for the current case study is then expressed by Equation 5.10.
O‘Z‘jeij 1
U= | UsdV = [ Y =LAV = | = (0gu€ra + Oyyeyy + 200y€r,) AV (5.10)
1% v 2 v 2
Another formulation of the strain energy for the current case study is presented in Equation 5.11 [76].

1
V= / 2 (An1€5a0 + 2A12€ss06yy0 + Azacyyo + 4Asse 0t
’ (5.11)

"l‘Dllkiz + 2D12k‘$zk‘yy + DQQka + 4D66k325y ) ds

where A1, A2, Aao, and Agg are terms of the extensional stiffness matrix A, D11, D13, Da3, and Dgg
are terms of the bending stiffness matrix D, €,40, €440, @and e,0 are the mid-surface strain terms in
the respective directions, and k.., k,,, and k., are the mid-surface curvature terms in the respective
directions. The extensional stiffness matrix A and bending stiffness matrix D for isotropic plates are
expressed by Equations 5.12 and 5.13 respectively [35].

Et Et

T2 Vioe? 0
A= |pBt, B 0 (5.12)
T
Et? Et3
12(1213/2) V12(1;u2) 0
E E
D= ’/12(1£u2) 12(1iu2) 0 (5.13)
0 0 oy Bt
2 12(1—02)

where F is the Young’s modulus, ¢ is the thickness of the plate, and v is the Poisson’s ratio.

The strain-displacement relations for a general shell are expressed by the kinematics equations
[76]. They define the compatibility conditions for strains and displacements, appropriately tailored for
the specific shell theory being considered. For this specific case study, the contribution of thermal
strains also must be taken into account. The thermal strains are due to the temperature difference
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experienced during the first filling of the tank (AT of approximately 300 K) and can be expressed as
aAT where « is the coefficient of linear thermal expansion of the material selected for the inner shell.

For the specific case of a cylindrical shell strain-displacement relations are expressed by Equations
5.14, 5.15, and 5.16.

€xa, = €za0. t+ ZKaz, €yy. = Eyyo. + 2kyy, €ry. = €xy0, T 2Kay, (5.14)
ou 10v w 1 /0v 1 0u
= 2 QAT =4 Y AT (&4 22 1
Con0e = 5y~ @ W =Ras TR o0 = 5 (ax + R(?gb) (5.15)
9w 10 /10w 0 (10w
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where u, v, and w are the displacement functions in the z, y, and z direction respectively, ;z0., €yy0,
and ¢,,0, are the mid-surface strain terms for the cylinder in the respective directions, and k.., kyy.,
and k,,, are the mid-surface curvature terms for the cylinder in the respective directions, AT is the
temperature difference at which the inner vessel is subjected during the first filling, « is the coefficient
of linear thermal expansion of the material selected for the inner shell, and R is the radius of the cylinder.

For the specific case of a spherical shell strain-displacement relations are expressed by Equations
5.17,5.18, and 5.19.

€re, = €220, T 2Kaa, €yy. = €yyo, + 2kyy, €xy, = €ay0, T 2kay, (5.17)
ou w 10v w 1 /0v 1 Ou
€xx0, = % + E — aAT €yy0, — E% + E — aAT €xy0, = 5 (8:1: + Tga(]ﬁ) (518)
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where u, v, and w are the displacement functions in the x, y, and =z direction respectively, €;40., €440,
and e, 0, are the mid-surface strain terms for the sphere in the respective directions, and k., k.,
and k,,, are the mid-surface curvature terms for the sphere in the respective directions, AT is the
temperature difference at which the inner vessel is subjected during the first filling, « is the coefficient
of linear thermal expansion of the material selected for the inner shell, R is the radius of the sphere,
and r, is the local radius for a specific section of the sphere (reference to Figure 5.3).

By comparing Equations 5.14, 5.15, 5.16 and Equations 5.17, 5.18, 5.19, it is evident that the
definition of the strain components for cylindrical shell and for spherical shell is different. Comparing
the definition of the strain ¢, for the spherical shell and for the cylindrical shell, it can be seen that
€z20, contains an additional term (w/R). Furthermore, in the definitions of ¢,, and ¢,,, for the cylinder
the only value of radius is the geometry’s own radius R, while for the sphere the term local radius 7,
appears, which is not constant but varies according to the section of the sphere considered.

The compatibility between the three domains (sphere 1, cylinder, sphere 2) is ensured by using the
same displacement functions across the entire inner vessel, even though the kinematic equations differ
between the spherical and cylindrical sections.

The stress-strain relations for a general shell are expressed by the constitutive equations (Equa-
tion 5.20) assuming a plane stress state whereby the stresses normal to the shell are assumed to be
zero [76].

E

- 1+V€Iy

(5.20)

Oz = ﬁ(exw‘f'”eyy) Oyy =
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where E is the Young’'s modulus, v is the Poisson’s ratio, €., €,,, and ¢, are the strain terms for the
shell in the respective directions.
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Work potential

Work potential is the negative of the work done by applied forces, which is given by the product of the
applied forces and the corresponding displacements. In this case study, the two contributions to the
work potential are:

» W, the work done by the internal pressure difference acting on the inner walls of the vessel. This
can be calculated by integrating the product of the pressure difference Ap and the displacement
function w over the vessel’s surface S (Equation 5.21).

W, = / ApwdsS (5.21)
S

» Ws: the work done by the supports positioned between the inner and outer vessels (with the
outer vessel considered as a rigid body). The total contribution is determined by summing the
contributions from each support, which depends on its inherent stiffness in a particular direction
and the value of the displacement function in the same direction at the point in the vessel where
the support is positioned. As described in section 5.3, the supports are characterized by axial
stiffness k,, and flexural stiffness k... The displacement experienced by a support in the axial
direction is given by the value of the w displacement function at that point (w; ;), displacements
in the two tangential directions are given by the « and v displacement functions at the same point
(us,; and v, ;, respectively). These relations are expressed in Equation 5.22.

1 1 1
Ws,i = kawii + §kflel-u§7i + Qkflel'vg,i (522)

Assuming that N is the total number of supports, the total work done by the inner vessel’s support
system can be expressed by Equation 5.23.

W, = Z Wi (5.23)
To conclude, the formula for the total work potential is expressed in Equation 5.24.
Wy =W, +W, = / ApwdS + Z ( kaww? ; + kﬂwus Pt kﬂexus ) (5.24)

Application of the minimum total potential energy principle

The minimum total potential energy principle may be applied by using either generalized displacements
or an assumed form of displacements [64]. The method of generalized displacements will provide the
most complete solution, but will generally become too complex for even relatively intricate structures.
Thus, in this research, the decision was to opt for assuming a form for the displacements functions, so
to make the problem more manageable and concrete by accepting a loss of generality. In general, this
is considered acceptable if a specific solution is sought for a specific problem. The method employed
is based on the Ritz method, which allows for the assumption of displacement functions that need only
satisfy the geometric boundary conditions.

The assumed form for the displacement functions u, v and w are presented respectively in Equa-
tions 5.25, 5.26, and 5.27. The structure is the same for all three displacement functions. First, the
polynomials in x variable describes the contribution of the solution that would be obtained assuming the
problem as axisymmetric. Then, a term expressed as a function of the variable ¢ multiplied by the vari-
able x. This dependency on ¢ is intended to allow the representation of cross-sectional deformations
including ovalisation.

u:(a5x + afa* + afa® + aja® + afx + af) +

( Qcos COS( ) +a Asin Sln(¢) + 0’2005 COS(2¢) + a2sin Sln(ng)) (525)

v= (arx + aYz* + ala® + aja? + ajz + af) +

x (ab,, cos(@) + a’y;, sin(p) + aj.,, cos(2¢) + as;,, sin(2¢)) (5.26)
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w= (a¥2° + afz* + ay2® + a¥z® + al’z + af) +
& (acps c08(9) + ag, sin(@) + azeo, c08(2¢) + az;y, sin(2¢))

The undetermined coefficients of the supposed displacement expressions will then become the
unknown variables to be determined (Equation 5.28).

(5.27)

[, U U U U U U u u u
¢ = [a’57a47a’37a‘27a1 » @05 Qcoss Asins A2cos) A2sins

v v v
Asins A2cosr X2sin» (528)

v v v v v v v
Qg5 Ay, 03,09,01,00, Qcpg,

a75ﬂ7 0&)7 a’év’ aIQU’ a71ﬂ7 a%)l)? a‘gi)s’ ag')i’n? aqévcow ag)sin]

The next step involves replacing these displacement functions in the calculations and obtain the
expressions for strain energy and work potential. From these, the total potential energy, II;, is derived.
To find the minimum value of II;, the Ritz method is applied, where the variation of the total poten-
tial energy 11, is expressed with respect to variations of the independent degrees of freedom (DOFs),
specifically the Ritz coefficients. Starting from the general expression of II; (as shown in Equation 5.8),
the stationary condition is satisfied when the partial derivatives of 11, with respect to each undetermined
Ritz coefficient are zero. This process yields a set of linear algebraic equations. The general form of
one of these algebraic equations is presented in Equation 5.29 and each equation corresponds to the

condition that the potential energy is at a minimum with respect to a particular Ritz coefficient.

o1l
eq; ac =0 (5.29)
where 11, is the total potential energy defined in Equation 5.8 and ¢; is the j'* Ritz coefficient of the
supposed displacement expressions. This linear system can be solved to obtain the values of the Ritz
coefficients ¢, which can be readily substituted back into the displacement functions in order to obtain
the solution to the deformation problem.
In order to evaluate the stresses in the inner vessel, it is necessary to substitute the solutions
obtained for the displacement functions into the expressions for the strains (Equations from 5.14 to
5.19) and then use these to evaluate the stresses according to Equation 5.20

5.5. Analysis of fatigue life

The temperature and pressure changes experienced by the tank during the filling process can occur
multiple times throughout the aircraft’s operational life. It is reasonably expected that the tanks may
be completely emptied and subsequently filled approximately once every six months. However, this is
only an estimate, as there is no specific official requirement or certification specification that mandates
a precise frequency for such operations. Itis anyway important to assess how the stresses experienced
by the inner vessel and supports during the specific condition translate into the overall life expectancy
of the component in order to ensure the reliability and safety of the tank over time.

The load cycle in this case is characterised by a minimum stress S,,,;,, = 0 and a maximum stress
Smaz Which depends on the specific conditions of the case study. This means that the stress range
AS = Spaz — Smin = Smaz, the stress amplitude S, = AS/2 = S,,../2 and the mean stress S,,, =
(Smaz — Smin)/2 = Smaz/2. The stress ratio R, which is defined as the ratio between S,,;, and Sy,
assumes then a value equal to 0.

Fatigue behavior in metals and composites differs significantly due to their distinct material struc-
tures and failure mechanisms. The two different approaches to fatigue analysis are presented below.

5.5.1. Fatigue analysis for metals
Fatigue in metals generally starts with crack initiation, often at surface flaws or stress concentrations.
These cracks propagate over time until the material ultimately fails. In fact, metal fatigue refers to the
unexpected failure of metal parts by progressive fracturing while in service and is directly related to the
number of stress cycles undergone by a part and the level of stress imposed on the part. The presence
of an endurance limit in some metals means they can theoretically endure an infinite number of cycles
if the stress is below a certain threshold.

The S-N curve (or Wohler curve) is commonly used in metal fatigue analysis to predict how long a
material can withstand repeated stress before failing. It consists in a graphical representation of the
relationship between the cyclic stress amplitude S, and the number of cycles to failure N [11]. This is
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due to the fact that, in metals, the stress amplitude is more decisive for the failure life then for example
the mean stress. The S-N curve is usually obtained as a result of a number of fatigue tests at different
stress levels. In an approximate approach, the fatigue S-N curve for a specific component can be
reconstructed based on the ultimate strength of the material and the fatigue limit.

As presented previously, the mean stress S,,, of the load cycle is not zero, meaning that the mean
stress effect has to be accounted for [11]. In fact, for the same stress amplitude S,, a positive mean
stress S,,, > 0 implies that the maximum stress applied 5,,.... is greater than when the mean stress S,,, =
0. In other words, an increase in mean stress S,,, at constant stress amplitude S, results in a higher
maximum stress S,,.., which leads to a shorter fatigue life and a lower fatigue limit. In order to account
for the mean stress effect, it is possible to apply the Goodman relation presented in Equation 5.30 [11].

Sx = (S0 (1 - *;) (5.30)

where Sy is the fatigue strength at N cycles for the loading case considered, (Sy)s,,—o is the fatigue
strength at N cycles for the case of completely reversed loading, S,, is the mean stress, and S,, is the
ultimate strength of the material. For the specific case of a loading cycle characterised by a stress ratio
R = 0, stress amplitude S, and mean stress S,,, always coincide. This allows to rewrite the Goodman
relationship as presented in Equation 5.31.

(SN)S,,=05u

Sy = ——-2"m —
NS+ (Sv)s.—o

(5.31)
In order to obtain an approximate S-N curve for the metal component under considerations, the
following parameters need to be defined:

» Upper asymptote: it relates to the ultimate strength of the material S,,. The value of the upper
asymptote taking into account the mean stress effect is calculated substituting S,, for (Sn)s,,—o
in the Goodman relation 5.31. The resulting value for the upper asymptote is equal to S, /2.

* Lower asymptote: it represents the fatigue limit S;. If no experimental data are available, the
fatigue limit can be approximated using the linear relation with the ultimate strength: Sy = «,,,S.,
where «,, is a coefficient that depends on the material. The value of the lower asymptote taking
into account the mean stress effect is calculated substituting S; = «,, S, for (Sy)s,,=o0 in the
Goodman relation 5.31. The resulting value for the lower asymptote is equal to («,,S.)/(a, +1).

Based on what has been discussed so far and standard practices for this type of graph [11], the
approximated fatigue S-N curve of the metal component under investigation will look something like
Figure 5.4. Having then defined the approximate graph, it is sufficient to check which number of cycles
N corresponds to the stress amplitude S, to which the component is subjected in order to have an
indication of the fatigue life of the component.
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Figure 5.4: Approximated fatigue S-N curve
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5.5.2. Fatigue analysis for composites
Composites are inhomogeneous and anisotropic materials, and their fatigue behaviour is influenced
by multiple factors, including the interaction between the fibers and the matrix, fiber orientation, and
matrix properties. Fatigue failure in composites is more complex and can involve several modes such
as matrix cracking, fiber-matrix debonding, fiber breakage, and delamination (separation of layers).
Damage typically accumulates in various forms throughout the material rather than a single dominant
crack. Fatigue in composites is defined as the phenomena/mechanisms by which fluctuating loads
induce permanent structural changes through the initiation and propagation of damages, including a
loss of material stiffness and/or load carrying capability which may lead to structural failure below the
monotonic failure stress [11].

Fatigue prediction in composites is more complex and less standardized due to the multi-mode
damage mechanisms. Methodologies diverge into a range of different approaches, many of which are
empirical, and can be categorised in the following groups [11]:

 Stress life methods (S-N curves) and constant life diagrams: the S-N curve for composites is
used to predict how long a material can withstand repeated stress before failing and consists in
a graphical representation of the relationship between the cyclic maximum stress S,,,. and the
number of cycles to failure NV [11]. It is a highly empirical approach, depending on the specific
characteristics of the material considered. The constant life diagram is the same representation
as Goodman and Gerber diagrams are for metals. The amplitude or stress range is plotted against
the mean or maximum stress, where the individual curve represent the same failure life.

* Damage mechanics methods: these methods describe the consequence of damage that devel-
oped on the mechanical response of material and structure. The focus is not on the understanding
the individual damage phenomena, but on providing predictive capabilities.

* Fracture mechanics methods: the aim of this kind of approach is to describe the growth of physical
damage modes.

* Residual strength methods: this methods introduce the fatigue modulus parameter, which is de-
fined by the slope of a line between the origin of the strain-stress graph and the applied stress and
resultant strain at a specific load cycle. This parameter is convenient for the purpose of predicting
the residual strength of a composite structure containing fatigue damage.

5.6. Emergency landing scenario

As presented in section 5.1, one of the requirements for the hydrogen tank is to be able to remain
functional in the event of a controlled crash scenario. It is then important to validate that the support
system is adequately designed to withstand emergency conditions without compromising the structural
integrity of the hydrogen tank. This encompasses both static and dynamic emergency landing condi-
tions: the static conditions involve ultimate inertia forces acting on the inner vessel independently of
the surrounding structure, while the dynamic conditions involve an acceleration spectrum applied to
the outer vessel.

5.6.1. Ultimate inertia forces

This analysis is focused on determining displacements and stresses experienced by the support system
under emergency landing static conditions. The final objective is to ensure that displacements and
stresses within the support system remain within safety limits ensuring that both the contact between
inner and outer vessels and the failure of the supports are avoided.

In this study, the inner and outer tanks are considered as rigid bodies. The outer tank is consid-
ered fixed and immovable, while the inner tank is supported by the support system and subjected to
the ultimate inertia forces. This simplification ignores the flexible-body modes of the tanks and does
not account for the potential deformations and vibrations that could occur in a more realistic scenario.
This is important because, depending on the distribution of supports and the properties of the inner
vessel, these flexible-body modes could have natural frequencies that resonate with the frequency of
the dynamic loads. Such resonance could become critical, leading to potentially dangerous oscillations
or structural failures. Therefore, while the rigid-body assumption simplifies the analysis, it does so by
neglecting the possibility of resonance effects, which could be significant depending on the system’s
characteristics. Additionally, this assumption is also applied in the dynamic model used to evaluate the
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acceleration spectrum load case. This approach is valid for an initial assessment, but further analysis
would be required to fully understand the impact of the ultimate inertia forces and dynamic loads on a
system that includes flexible-body effects.

Based on the general emergency landing provisions (regulated in chapters 25.561 25.563 of CS-25
and chapter 25.561 25.563 of FAR-25), the support system shall be able to properly restrain the inner
vessel under all loads up to the ultimate forces (which are acting separately) presented in Equations
from 5.32 to 5.36.

Fupwara = 3.0 g Minner (5.32)
Frorwara = 9.0 g Minner (5.33)
Fsideward = 4.0 g - Minper (5.34)
Faownward = 6.0+ g - Minner (5.35)
Frearwara = 1.5+ g Mipner (5.36)

where g is the gravity acceleration g = 9.81 m/s? and m;p., is the mass of the inner vessel, obtained
by summing up the mass of the aluminum vessel, the mass of the piping, and the hydrogen mass
contained inside the tank (fill rate FR = 0.95 is assumed).

As an initial step, the support system configuration to be analysed must be defined. It can con-
sist of individually defined supports placed in specific locations and orientations or groups of supports
arranged in ring or half-ring configurations around the inner vessel.

Subsequently, the equivalent stiffness of the whole support system in each of the three direction
(global coordinates system: x4, y,, and z,) must be calculated. This involves summing up the equiva-
lent stiffness values of the individual supports based on their orientation and characteristics.

With the positioning options of the supports established, the ultimate inertia forces that could be
acting on the free end of the generic ¢ support can be classified into two categories: forces lying in the
plane defined by the y; and z; axes and forces perpendicular to this plane, which means forces in the
x; direction. The process of calculating equivalent stiffness of a specific support therefore varies from
case to case based on the direction considered.

Equivalent stiffness in direction j lying in the plane defined by directions y; and z;
Consider Figure 5.5: a generic support i characterised by the coordinate system x ;, ys 4, 25, and
a force I applied to the free end of the support in direction j which lies in the y, ; — z; ; plane.

Figure 5.5: Decomposition of applied force and consequent displacement for a generic support

The induced displacement «; and the applied force F}; (both in direction j) are related by the equation
Fj = keq,i ju; Where ke, ; ; is the equivalent stiffness of the support ¢ in direction j.

The force F; can be decomposed into the axial component F,., ; and the flexural component Fi;., ;
using basic trigonometric relations. Furthermore, F,., ; and Fy.., ; can be expressed as the product
of the respective stiffness and displacement in the axial z; and flexural y; directions. To determine
the displacements in the axial z,; and flexural y, ; directions (denoted as wu,., ; and wuy.., ; respec-
tively), basic trigonometric relations should be again applied. These relationships are expressed in the
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Equations 5.37 and 5.38.

Fog, ; = Fjcos(Bi ;) Foz,; = kaztlaz, ; = kazujcos(Bi ;) (5.37)

Ffieq, ; = Fjsin(B; ;) Ffiee, ; = KfleaUfic, ; = Kfieat;sin(Bi ;) (5.38)

where 3; ; is the angle defined between the axial direction of the i*" support z, ; and the direction ;.

Putting together the information gathered, it is possible to express the equivalent stiffness of the
generic support ¢ in direction j lying in the plane defined by directions y, ; and z,; according to the
Equation 5.39.

k

eq,i,j —

2 2 -
& - Faa?i,j + Fflezf,,j _ \/(kwujcos(ﬁi’j)ﬁ + (kuQIUjSZn(ﬁi’j))2
U u; u;

V rarcos(8: )2 + (Epueasin(Bi ;) (5.39)

Equivalent stiffness in direction j coincident with the x ; direction of the support

In the case where direction j coincides with the z; ; direction of support i, the stiffness characteristics
that come into play are exclusively the flexural ones. Consequently, the equivalent stiffness in direction
J coincident with the z, ; direction of the support i k. ; ; is equal to k., (Equation 5.40).

keq,ii = Kflea (5.40)

Total resulting displacement

The overall displacement that the inner vessel will experience when ultimate inertia forces are indi-
vidually applied depends then on the modulus of the applied force and the equivalent stiffness of the
system in that direction, as expressed by Equation 5.41.

Fapplied,j Fapplied,j
diot,; = Y (5.41)
€q.J Zi,l Keq.i.j

where d,., ; is total displacement experienced by the inner vessel in direction j, F; is the applied force
in direction j, and k., ; is the equivalent stiffness of the whole support system in direction j obtained
by summing up the equivalent stiffness values of the N individual supports k.4 ; ;.

Analysis of stresses in the supports

In order to evaluate the stresses in the supports due to the total displacement experienced by the in-
ner vessel in direction j, itis necessary to decompose the total displacement d:, ; into the displacement
components along the directions z, y, and z, of each support. After determining the displacements
ug, vs and wg for each support at the contact point, it is possible to apply Navier’s formula for beam
normal stress as previously presented in subsection 5.4.1, Equation 5.7.

Since one of the requirements of the design is to avoid failure of the supports during an emergency
landing scenario, it is necessary to check that the stress values in all supports for all ultimate inertial
loading conditions remain below the ultimate strength of the material selected for the supports.

5.6.2. Acceleration spectra

To verify the dynamic load condition, a drop test can be conducted on the section of the fuselage
containing the hydrogen tanks, in accordance with the packing strategies outlined in section 2.8. This
type of test was thoroughly explored in Yi-Hsiu Wu’s master’s thesis project [82]. Among the various
results produced, the test provided valuable data on the acceleration spectra measured at the tank
heads, both at and near the center point of the domes of the external vessel. This location is crucial
because it is where the tanks connect to the fuel systems. The results from Yi-Hsiu Wu’s study serve
as the foundation for understanding how the impulse generated by the drop test on the fuselage is
transmitted to the internal components of the external vessel: the internal vessel and its support system.
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The acceleration inputs that the different tanks experience during an emergency landing scenario
in which the aircraft experiences a change in downward vertical velocity depend on which packing and
support strategy for positioning the tanks in the fuselage is adopted. For the following analysis, it was
decided to consider only the worst-case condition for each packing solution, i.e. the acceleration spec-
trum characterised by higher acceleration peaks. This is due to the assumption that the acceleration
spectrum with the highest peak is the worst for the tank. These are presented in Figure 5.6 for the
lateral square packing (LSP) retrofit design, the lateral hexagonal packing (LHP) retrofit design, and
the longitudinal circle packing (LCP) retrofit design respectively.

By analyzing these acceleration spectra, it is possible to gain insights into the dynamic response
of the tanks and evaluate the effectiveness of the support system in mitigating the impact loads. This
analysis is essential for ensuring the structural integrity and safety of the hydrogen storage system
under dynamic loading conditions.
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Figure 5.6: Acceleration spectra for different retrofit design

The system consisting of external vessel, inner vessel and respective support system can be modelled
as presented in the Figure 5.7.

In the presented scheme, m; is the mass value of the mass point representing the inner vessel, k
is the stiffness value of the spring that represents the support system (equivalent stiffness value in the
vertical direction), ¢ is the damping coefficient of the support system, the base represents the outer
vessel, z;(t) represents the displacement of the outer vessel (considered as rigid body) over time due
to impact, z5(¢) represents the displacement of the inner vessel (considered as rigid body) over time
due to impact. The difference between z; () and z5(t) is §(¢): the displacement imposed on the support
system over time.
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Figure 5.7: Model of the tank for evaluation of acceleration spectrum

The solution to this system is part of the material in the 'Stability and Analysis of Structures II’ course
taught at the Department of Aerospace Structures and Materials, Delft University of Technology [22].
The expression for the relative displacement between inner and outer vessel over time §(¢) in this
specific system is then expressed in Equations from 5.42 to 5.45.

0 ift <t,
o(t) = 5.42
®) {poh(t —t,) ift>t, (5.42)

1
h(t —t,) = w—de—%“—tn) sinwg(t — t, ) H(t —t,) (5.43)
W = L (5.44)
m;

2 2
wd:wn\/l—@:wn\/l—<c) :wn\/1—< ¢ ) (5.45)
Ce Qm/iwn

where pg is the assumed acceleration impulse that happen at the respective time ¢, ¢,, is the threshold
time after which the system starts responding, and h(t —t,,) is the impulse response function of the sys-
tem (Equation 5.43), w,, is the natural frequency of the system (Equation 5.44), k is the stiffness value
of the spring that represents the support system, m; is the mass value of the mass point representing
the inner vessel, wy is the damped natural frequency of the system (Equation 5.45), ¢ is the damping
factor, ¢ is the damping coefficient, ¢, is the critical damping coefficient, and H(t — ¢,,) is the Heaviside
step function which ensures that the impulse response starts at ¢t = ¢,,.

Analysis of stresses in the supports

In order to evaluate the stresses in the supports over time due to the displacement imposed on the
support system over time 4(¢), it is necessary to assess the situation instant by instant.

For every time instant ¢,, it is necessary to decompose the total displacement 4(¢;) into the displace-
ment components along the directions =, ys and z, of each support. After determining the displace-
ments ug, vs and w, for each support at the contact point and at time instant ¢;, it is possible to apply
Navier’s formula for beam normal stress as previously presented in section 5.4.1, Equation 5.7.

For a complete analysis of the entire impulse interval, all the time instants must be analysed. Since
one of the requirements of the design is to avoid failure of the supports during an emergency landing
scenario, it is necessary to check that the stress values in all supports throughout the impact timeframe
remain below the ultimate strength of the material selected for the supports.

5.7. Design methodology for inner vessel support structure

The design methodology for the inner vessel support structure is outlined in the flowchart in Figure 5.8.
The presented approach is systematic and iterative, bringing together the elements previously intro-
duced individually in subsection 5.4.1, section 5.5, and section 5.6. Earlier, the focus was on analyzing
various critical scenarios that the tank must endure throughout its operational life. Now, this design
methodology demonstrates how those insights are integrated into a cohesive preliminary design pro-
cess, addressing the most critical aspects of the tank’s lifecycle. This ensures that all key factors are
considered within a unified framework for a reliable and robust tank design.
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Figure 5.8: Flow chart - Design methodology for inner vessel support structure

The process begins by defining key architectural elements, including external tank dimensions, tank
material properties, vacuum layer thickness, venting pressure, and safety factors. These initial param-
eters guide the subsequent analyses. Next, the heat leakage budget through the support structure is
calculated to ensure the dormancy time requirement is met.

Once thermal considerations are addressed, the analysis proceeds by assuming a straight support
configuration so that the length of the individual support equals the thickness of the insulation layer. This
assumption is introduced to reduce the number of variables and simplify the problem. Various feasible
combinations of thermal conductivity and cross-sectional area for the support design are evaluated,
determining the maximum number of supports permissible for every combination. With thermal and
geometric constraints identified, a material with acceptable thermal conductivity has to be selected.
The stiffness properties of the supports are then analyzed, with particular focus on stiffness values that
align with the requirements of the case study. Adjustments to material properties or geometry may be
made to meet the desired criteria.

The design procedure is then tested against multiple loading scenarios, starting with the simplest
configuration for the support structure (Figure 5.9) which allows for the establishment of baseline stiff-
ness properties. In this phase, the first filling of the tank is analyzed by evaluating the deformations of
the inner vessel due to thermal and pressure differences. Stresses in both the inner vessel and the
supports are calculated, followed by a fatigue life evaluation. If critical stress levels are detected, itera-
tions are performed by changing the material properties, safety factors, or section geometry. Afterward,
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the structure is tested under emergency landing conditions, both for static and dynamic scenarios. In
static conditions, the total displacement and stresses are evaluated to ensure compliance with design
limits. Similarly, for dynamic conditions, the acceleration spectrum is considered, and the maximum
stress and displacement over time are calculated. The design proceeds through iterative checks and
balances, ensuring that each configuration is evaluated, and modifications are made when necessary
to optimize performance. This iterative methodology ensures that the final design is robust, compliant
with critical safety standards, and optimized for both operational and emergency conditions.

5.8. Results and discussion

Consistently with what is described in the methodology (section 5.4), the inner vessel and the support
system have been analysed in order to verify their behaviour in the most critical conditions that may
occur during operational life.

In the analyses performed, the value of certain parameters can be decided quite arbitrarily. The
first thing to do is therefore to define acceptable ranges of values and, in order to reduce the amount
of possible combinations, one can decide to assume a specific value which is then maintained in the
analyses. The parameters in question are as follows:

» External dimensions of the tank: the possible external dimensions of the tank (diameter and
length) are the 3 solutions proposed by Yi-Hsiu Wu in his master thesis [82] and depend on the
packing strategy selected. These are presented in table 5.2.

» Thickness of the vacuum layer t,q...m: As discussed in section 4.3.1, the thickness of the vac-
uum insulation layer significantly affects the performance of the tank. Determining the optimal
thickness is complex and depending on the specific design requirements. However, an optimal
range can be established that ensures both satisfactory cruise time and dormancy time and, at
the same time, respects the constraints imposed. Within this range, selecting the exact thick-
ness can be somewhat flexible. For each possible external tank size, the evaluated ranges are
obtained from the the results presented in section 4.3.1 and are presented in table 5.4.

Table 5.4: Evaluated thickness ranges for vacuum insulation layer by external tank size

Option number

Min tyacuum [m]

Max tvacuum [m]

1 0.03 0.05
2 0.03 0.05
3 0.04 0.10

» Venting pressure P,.,;: As discussed in section 3.2, the venting pressure is a crucial parameter

in tank design as it has a significant impact on the maximum achievable dormancy time and on

the sizing process of the inner vessel, and must be compatible with the characteristics of the
rest of the fuel system. The range that has been considered acceptable for venting pressure is
between 3 and 5 bar.

Thickness of the inner vessel t;, ... As discussed in section 3.1, the minimum required thickness

of shell under internal pressure is determined following the ASME standards guidelines [13]. The

actual thickness selected for the inner vessel can be calculated by multiplying the minimum re-
quired value by a safety factor SF; whose value can be defined depending on the design strategy
adopted.

* Properties of the single support: The support structural properties of interest in the analysis are
mainly axial and flexural stiffness (k.. and k.., respectively). These values depend on the ge-
ometrical and material characteristics of the support as described in the formula 5.1 in section
5.3. The relevant parameters that should be set are the Young’s modulus E, the length of the
support L., and the geometrical properties of the cross-sectional area which define both the area
A, and the second moment of inertia about the neutral axis of the beam I,. To reduce the number
of options during the first analyses, a circular ring cross-sectional area is going to be considered.
The important parameters that define the geometry are the radius R, and the thickness t;. The
values of the area A, and the second moment of inertia about the neutral axis of the beam I, are
calculated using Equation 5.46 and 5.47 respectively.

As = 7t (2Rs - ts) (546)
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ts
I, = WT (4R? — 6R2t, + AR, 1> — 1?) (5.47)

The minimum allowed thickness value ¢, is set to 0.001 m, in order to avoid compromising the
manufacturability of the component. A minimum allowable radius value R; of 0.002 m can there-
fore realistically be assumed. Considering the dimensions of the space between the inner and
outer vessel and the fact that the support is modelled as a beam, it is realistic to assume that
the maximum radius considered will be 1/4 the length of the support (t,4cuum)- This results in a
minimum area value of approximately 10~° m? and a maximum area value depending on t,qcuurm.
Furthermore, based on the considerations presented in section 5.3.1 regarding the phenomenon
of local buckling, the ratio between thickness ¢, and radius R, is subject to a lower limit which de-
pends on the characteristics of the material. For each radius R, the minimum allowed thickness
value is presented in Equation 5.48.

oysy/3(1 —v2)
ts,min = Rsu
) ES

(5.48)
where ¢, , is the yield stress of the material selected for the supports, v, and E, are respectively
the Poisson’s ratio and the Young’s modulus of the material selected for the supports. Further-
more, with regard to thermal performance of the support structure, the material parameter of
interest is the thermal conductivity ksypport-

Location of the supports: The positioning of supports must also be defined before carrying out an
analysis. The choice is rather arbitrary, but the basic rule is to obtain an axisymmetric composition.
To reduce the number of options during the first analyses, it is possible to consider a simple
configuration comprising 2 horizontal (in blue), 6 vertical (in green) and 6 lateral supports (in light
blue) as presented in the Figure 5.9.

Figure 5.9: Simple configuration of the support system

Three set of analysis parameters can be then defined based on the three retrofit design presented in
section 2.8. The external tank dimensions considered are directly associated with the packing strategy
considered: option 1 for LSP (lateral square packing), option 2 for LHP (lateral hexagonal packing), and
option 3 for LCP (longitudinal circle packing) (reference to table 5.2). For each retrofit design, the other
parameters are chosen according to the guidelines presented. The values assumed are summarised
in the table 5.5.

Table 5.5: Assumed parameters for the analysis

Retrofit design | External dimentions | t,.cquum | Poent | SF: | Support section
LSP option 1 0.04m | 4bar | 15 Circular
LHP option 2 0.04m | 4bar | 1.5 Circular
LCP option 3 0.06 m | 4bar | 1.5 Circular

The variables of the analysis are thus the size of the circular ring cross-sectional area of the individ-
ual support, the material selected for the supports, and their location around the inner vessel.
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Referring to the conclusions presented in the thesis project carried out by TU Delft master’s student
Yi-Hsiu Wu [82], the LCP design has the greatest potential for retrofitting the baseline aircraft, primarily
due to its superior crashworthiness and extended range, both critical factors for the operation of the
aircraft after the retrofit. In the following discussion, therefore, the retrofit design under investigation
will be the longitudinal circle packing. In addition to the parameters defined in the table 5.5, the other
parameters defined for the case study are as follows: N,;;; = 30, Argon as residual gas, P,qcuum =
1073 Pa, T,,; = 305 K, and T;,,; = 20.26 K.

5.8.1. Evaluation of the characteristics of the support structure
Referring to the methodology presented in section 5.3.1, the fist step in the analysis is to limit the
design possibilities to only combinations of support structure variables capable of guaranteeing compli-
ance with the dormancy time requirement. In this perspective, it is crucial to first define the maximum
allowable heat inflow through the supports that still allows to meet the dormancy time requirement (bud-
get for the heat leakage through the support structure quppomm,,ax). To achieve this, the dormancy
time is evaluated across various iterations of the original design obtained by gradually increase the
initial value of the heat leakage through the support structure until the version that corresponds to the
minimum acceptable dormancy time is identified (reference to the method presented in section 4.3.5).
The results of this analysis are presented in Figure 5.10. It is then possible to extrapolate the maxi-
mum multiplication factor f, ..., that still allows to meet the dormancy time requirement for the specific
tank design. Multiplying the original value of quppww by the factor f; 4. gives the quppormmm. The
results are summarised in table 5.6.

5
5 x10

T I
LCP: D-750 L-2600
,,,,,,,, required dormancy time

Dormancy time [s]

0 20 40 60 80 100 120 140 160 180 200
Multiplicating factor fq

Figure 5.10: Effect of increased heat leak through the support system on dormancy time

Table 5.6: Values of Qsupports, fq,maz aNd Qsupports,maz for the tank design evaluated

qupports [W] fq,max qupports,maz [W]
0.1715 151 25.8965

Based on the value of qupports,mm, the feasibility study can be carried out by analysing what is the
maximum number of supports N; ,,,., allowed for all the combinations of cross-sectional area of the
supports Ag,ppore @and thermal conductivity of the material considered kgqppor:. The range considered
for the thermal conductivity is rather wide in order to give a general overview of all the materials (range
between 0.01 W/mK to 1000 W/mK). The cross-sectional area values considered are between the
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minimum area value 10> m? and the maximum area value 7 - 10~ m? (considering an external radius
equal to 1/4 of t,qcuum and the minimum internal radius of 0.001 m). The results of this analysis are
presented in Figure 5.11 restricting the field to the area where acceptable combinations are present.
A certain combination can be considered potentially feasible if the maximum number of supports
allowed to respect the heat leakage budget is greater than or equal to 2. For every thermal conductivity
value considered, it is possible to know what is the maximum area of the cross-section that could lead to
a feasible design from the perspective of thermal performance, i.e. that area value which corresponds
to a maximum number of supports of 2. For lower area values, a higher value of N .., is expected.

10° 50+

145

40

Area of the cross-section [m2]
>
S
N
o
Max number of supports

10° = 0
10 20 30 40 50 60 70 80 90 100 110 120
Thermal conductivity [W/mK]

Figure 5.11: Feasibility study for combinations of Asupport and ksupport

The range of thermal conductivity values within the feasibility area is between 0.01 W/mK and
109 W/mK, while the range of cross-sectional area values within the feasibility area is between 10~°
m? and 1073 m2. At this point, the potentially feasible combinations of material and section geometry
are countless. The choice of starting point for the analysis is strictly dependent on the case study
considered and the requirements and constraints associated with it.

For this specific case, it has been decided to start from the choice of material, evaluating options
considered potentially akin to the specific application. Referring to the chapter 2.5 of the literature study,
the material selected for the following discussion is the G-10 CR, a high-pressure glass-reinforced
epoxy laminate. It is a version of G-10 specifically designed for enhancing the performance in low-
temperature environments for cryogenic applications and characterised by extremely high strength
and high dimensional stability over temperature. The material characteristics that are relevant to the
following analysis are summarised in table 5.7 [62] [42].

Table 5.7: G-10 CR material properties

Young’s modulus E [Pa] 2.8-101
Poisson’s ratio v 0.2

Ultimate strength S, [Pa] 4.7-108
Thermal conductivity & [W/m*K] 0.25

For the specific thermal conductivity value of the material G-10 CR, the range of cross-sectional
area values A, that correspond to a maximum number of supports greater than or equal to 2 spans
the entire range of considered area values. This confirms that for the selected material, every cross-
sectional area value within the evaluated range is potentially feasible. Moreover, since the maximum
number of supports allowed is consistently greater than 14 for the selected material, it is always possible
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to evaluate the simple support structure configuration (Figure 5.9).

The number of potentially feasible combinations of A, and N, allows for a wide selection of possi-
ble support characteristics that can be tailored to meet the other design requirements. It is generally
advisable to select a cross-sectional area that corresponds to a sufficiently large maximum number of
supports, in order to avoid being limited in the choice of support structure configurations afterwards.

Itis now interesting to assess which combinations of radius R, and thickness ¢, fall within the permit-
ted arearange. As far as the radius is concerned, it has already been specified that the permitted range
is realistically between 0.002 m and 0.015 m. Furthermore, for each radius value, the corresponding
thickness must meet the requirements to avoid the phenomenon of local buckling in the elastic regime
(Equation 5.48). The results of the study of combinations of R, and t, are presented in Figure 5.12.

©10° Allowed combinations of Rs and ts 7><61 0*
14 — _ts,min
°As (in the range)
—t = 0.001 m
45
12
10 -4
E
o
n 8 <
3 38
% <
2
= 6
2
4

2 4 6 8 10 12 14
Radius R [m] %1072

Figure 5.12: Allowed combinations of R, and ¢

First of all, it can be seen that, for the range of radii considered, the minimum thickness requirement
to avoid local buckling in the elastic regime is less stringent than the requirement to have a thickness
greater than 0.001 m (for practical reasons related to manufacturability).

Furthermore, not all combinations of radius and thickness considered give an area within the per-
mitted range. There remains, however, a wide choice of permissible combinations. At this point, the
focus should be on identifying the combination of thickness and radius that defines satisfactory charac-
teristics of the individual support. This combination should ensure that the support can accommodate
the displacement of the tank subjected to changes in temperature and pressure (AT and Ap). Simul-
taneously, it should result in an area that corresponds to a maximum number of supports that allows
for structural configurations capable of withstanding emergency loads.

The first step is then to assess how the geometric dimensions of the section affect the stiffness
characteristics of the support. For each allowed combination of radius and thickness, the values of
axial stiffness k,, and flexural stiffness k., were calculated (formulas presented in section 5.3).

The results are presented in Figure 5.13. For the material selected and the size range considered,
it is possible to obtain axial stiffness values between 4.667 - 10° N/m and 3.266 - 108 N/m, and flexural
stiffness values between 4.685 - 10° N/m and 1.546 - 10 N/m.

Considering the methodology presented for the analysis of normal stresses in section 5.3.2 supports,
it can be concluded that the forces acting at the free end of the beam representing the support are
directly proportional to the displacements imposed by the inner tank at that point and to the stiffness
characteristics of the support. For the same displacements, therefore, a support characterised by lower
stiffness values will develop lower stresses than a support characterised by higher stiffness values. In
general, the choice is then directed towards values of radius and thickness associated with relatively
low stiffness values.
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Figure 5.13: Evaluation of stiffness properties of the support for different Rs and ¢

Consistent with the decision to stay in the lower left-hand side of the graph, the radius R, and thickness
ts values selected to proceed to the next steps of the analysis are:

Ry =3-10"3m ty=1-10"3m (5.49)
The associated values of area A, and maximum number of supports allowed N .4, are:
Ay = 1.57-1075m? N, maz = 1390 (5.50)
This results in the following axial stiffness k,, and flexural stiffness k., values for the support:

kaw = 7.33 - 10°N/m Efrer = 1.98 - 10*N/m (5.51)

5.8.2. Deformation of the inner vessel due to AT and Ap
Evaluating the deformation of the inner vessel in response to significant variations in temperature and
pressure during the transition from the manufacturing phase to the operational phase is critical for
determining the design requirements for the support system. The support system must be able to ac-
commodate the vessel’'s displacements while minimizing the risk of inducing excessive stresses that
could lead to plastic deformation or even structural failure. The design challenge involves balancing
the use of more flexible designs, which can better accommodate displacements, against stiffer designs,
which offer greater support but restrict flexibility. Given the stringent requirements for emergency land-
ing loads, the support system cannot be overly flexible, as it must provide adequate structural integrity
during such events. Therefore, the optimal solution is a support structure sufficiently compliant to ab-
sorb the inner vessel’'s displacements without generating high stress concentrations, yet robust enough
to ensure the vessel’s stability and support under emergency conditions.

Using the methodology presented in section 5.4.1, various studies can be conducted to identify
acceptable and compatible values for the analysis variables, in line with the design requirements.

Given the conditions the tank will face in this specific phase, the positioning of the supports is not the
main concern, as the system’s equivalent stiffness does not significantly impact the tank’s deformation,
which is primarily driven by the temperature differential (AT'). The key objective here is to analyze how
each individual support can accommodate the tank’s displacement at the point of contact between the
two, regardless of its location. To focus therefore mainly on the properties of the individual support, the
simple support system configuration (Figure 5.9) can be assumed.

The values assumed for supports’ characteristics directly reflect what was discussed in the previous
section. The circular-ring cross-section geometry is then defined by R, =3-10"*mandt,=1-10"3 m.
The length of the single support is equal to the thickness of the insulation layer ¢,,¢yum = 0.006 m and
the selected material is G-10 CR, a high-pressure glass-reinforced epoxy laminate. The corresponding
axial stiffness k,, and flexural stiffness k... values for the individual support are k,, = 7.33 - 10N/m
N/m and ke, = 1.98 - 10* N/m.
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The solutions obtained for the displacement functions (previously presented in Equations 5.25, 5.26,
and 5.27) are presented in the Equations 5.52, 5.53, and 5.54. Some of the unknown coefficients
assume very small values (e =21, e=22, e~23) which could be removed as they represent rounding effects.

u = (7.2868¢*z° — 0.0051z* + 0.01442°® — 0.02002> + 0.0065z + 0.0066) +
x (1.3524e 7 cos(¢) — 5.7038¢ ™ ** sin(¢) — 1.3720e "% cos(2¢) — 8.0162¢~ > sin(2¢))
= (7.2868¢*z® — 0.0051z* + 0.01442® — 0.02002> + 0.00652 + 0.0066) +
x (1.3524e°7 cos(¢) — 1.3720e ™% cos(2¢))

(5.52)

v=(—1.1025¢"**2" + 6.4188¢ **2"! — 1.2293e**2® + 7.8071e™*2? + 4.0187e 'z + 4.2867¢~??) +
z (—1.9247e 2" cos(¢) + 6.8605¢ 7 sin(¢) — 2.3921e ™% cos(2¢) + 1.4766e " sin(2¢))

= 2 (6.8605¢ " sin(¢) + 1.4766e " sin(2¢))
(5.53)
w = (—3.1922e 2" — 7.4332¢” 2" + 0.00422° — 0.00762> 4 0.0049z — 0.0028) +

z (—1.4318¢~ % cos(¢) — 3.4712e ! sin(¢) — 6.1538¢ "7 cos(2¢) — 7.3761e ™2 sin(2¢))
= (—3.1922¢ %2 — 7.4332¢ 2" + 0.00422° — 0.00762* 4 0.0049z — 0.0028) +
z (—1.4318e™ %% cos(¢) — 6.1538¢ %7 cos(2¢))

(5.54)

The curves for u, v, w are visualised in Figure 5.14a for ¢ = 0 rad over z, and in Figure 5.14b for x =
1.4052 m (location that corresponds to the centre location of the inner vessel) over ¢. Furthermore, the
surface plots of the u, v, w displacements over both x and ¢ are presented in Figure 5.15.
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Figure 5.14: U, V, W plots
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Figure 5.15: U, V, W plots over ¢ and x

The effect of the u, v, w displacements on the shape of the inner vessel is presented in Figure 5.16
for the transversal cross-section and Figure 5.17 for the longitudinal cross-section. In both graphs,
the values of the displacements u, v, w have been scaled by a factor of 5 to enhance the visibility of
the deformations experienced by the inner vessel, thereby facilitating the comparison between the
configurations before and after the first filling and pressurization.
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Figure 5.16: Deformed VS Undeformed shape of the tank, transversal cross-section
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Figure 5.17: Deformed VS Undeformed shape of the tank, longitudinal cross-section

The stresses o,,, 0,y, and o, evaluated at the inner vessel shell’s mid-surface are presented in
Figure 5.18afor ¢ = 0 rad over x, and in Figure 5.18b for x = 1.4052 m (approximately in correspondence
with the centre location of inner vessel) over ¢.
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Figure 5.18: 044, 0yy, 02y plots

In analyzing Figure 5.14a, several symmetries are noticeable, particularly with respect to the center
of the vessel. The plot of u exhibits a sinusoidal pattern that starts positive, decreases, crosses zero
at the center point (at x = 1.4080 m), and then becomes negative. This behavior indicates that the «
function has reflective symmetry around the midpoint of the x-axis. Similarly, the w displacement curve
shows a slight undulation that is mirrored on either side of the midpoint of the x-axis. The plot for v
is relatively flat: the values of v over x are between a maximum of 4.39 - 10722 m and a minimum of
—5.70-10~2! m, which corresponds to a maximum difference of 6.12- 10~2! m (negligible if compared to
the values assumed by displacement functions « and w, which are in the order of 10~2 m, not meaningful
as the values of these coefficients represent numerical rounding errors).

The points along x undergo a displacement u in the x direction such that the points at the midpoint of
the x-axis remain stationary, while the others undergo a shift towards the center. Radial displacements
w are negative over the whole vessel. These considerations indicate that the inner tank is shrinking
when exposed to the difference in temperature AT and pressure Ap. This is further testified by the
representation of the deformed shape of the tank in the figures 5.17 and 5.16.
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From Figure 5.14b, it is possible to note that the displacement functions u, v, and w for a certain «
value are almost constant over ¢. For x = 1.4052 m, the maximum deviation from the average u value
is 1.90 - 107 m, the maximum deviation from the average v value is 1.04 - 10~ m, and the maximum
deviation from the average w value is 2.16 - 10~% m. By analysing Figure 5.15, similar considerations
can be made for all the other points over x.

A comparison of the coefficients of the displacement functions reveals that the largest contribution
comes from the axisymmetric portion of the solution, i.e. the part that depends solely on x and not on
¢. The predominance of x as the determining variable for the displacement functions, coupled with the
observation that v assumes almost zero values across the whole range of x and ¢, confirms that the
solution obtained is very close to a purely axisymmetric one.

Similar considerations can be made for the symmetries in the stress functions over x and ¢ in
Figure 5.18a. All curves are in fact symmetrical with respect to the center point of the vessel (x =
1.4080 m). From Figure 5.18b, it is possible to note that the stress functions o, o,,, and o, for a
certain = value are almost constant over ¢.

Furthermore, high stress values are reported at the ends of the domes and at the connection points
between domes and cylinder, where a step in stress values is clearly visible. The high stress values
in these areas are justified by the fact that these are the points at which the greatest displacements
occur. The step in stress values between domes and cylinder can be justified by the fact that the
definition of the strain components for cylindrical shell and for spherical shell is different (reference
to subsection 5.4.1). In fact, comparing the definition of the strain ¢, for the spherical shell and for
the cylindrical shell, it can be seen that ¢,,0, contains an additional term (w/R). Furthermore, in the
definitions of ¢, and ¢, for the cylinder the only value of radius is the geometry’s own radius R, while
for the sphere the term local radius r, appears, which is not constant but varies according to the section
of the sphere considered. Stresses are directly calculated from the strains and, as a result, steps in
stress values may occur in proximity of the connection points between domes and cylinder.

If the stress values are compared with the ultimate stress of the inner vessel material (S, = 4.21 -
10® Pa), it can be noticed that the stress values found are particularly high. The maximum stress
encountered is in fact equal to 79.5 % of the ultimate stress of the material.

Evaluation of stresses in the supports
Having now determined the actual displacements of the inner vessel, a detailed evaluation of the
stresses in the various supports can be carried out.

As mentioned above, at this stage we assume the simple support arrangement presented in the Fig-
ure 5.9. The position of each support can be expressed in terms of =z and ¢. Two different types of sup-
port can also be differentiated according to their position: horizontal support H and support positioned
in the plane in which the cross-section lies C'S (vertical or lateral). The simple support configuration
is axysimmetric and symmetric around the midpoint of the x-axis, while the displacement functions u,
v, w are symmetric around the midpoint of the x-axis and almost constant over ¢. This means that all
the supports positioned at the same x location are going to be subjected to the same displacements
and will develop the same normal stress distribution. Also, all the supports positioned symmetrically
with respect to the midpoint of the x-axis are going to be subjected to the same displacements and will
develop the same normal stress distribution. It is then possible to attribute the 14 supports to three
types of normal stress distribution: type 1, type 2 and type 3. While type 1 refers to the horizontal
supports, type 2 and 3 are defined based on the position of vertical and lateral supports with respect
to the midpoint of the x-axis. The relevant data is summarised in table 5.8.

The geometry of the cross-section considered is a circular ring and the respective stress recovery
points are presented in Figure 5.19. The (x,, y,) coordinates of the 16 stress recovery points are
summarised in Table 5.9, where d; is the inner diameter and d, = D, — 2t,.
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Table 5.8: Supports location and characteristics

Supportn. | x[m] | ¢ [rad] | Position | Type
1 0 0 H 1
2 2.8160 0 H 1
3 0.9455 0 Cs 2
4 0.9455 ™ CSs 2
5 0.9455 /2 Cs 2
6 0.9455 | (3/2)« CS 2
7 1.8705 0 Cs 2
8 1.8705 T CS 2
9 1.8705 /2 Cs 2
10 1.8705 | (3/2)« CS 2
11 1.4080 0 CS 3
12 1.4080 T CS 3
13 1.4080 /2 Cs 3
14 1.4080 | (3/2)r CS 3

x_:, *
(x0 ¥4,
L ] YS
Figure 5.19: Stress recovery points for circular ring cross-section
Table 5.9: Coordinates of stress recovery points for circular ring cross-section
Coordinate X0 Y+ X+ Y+ X+ YO0 X+ Y-
in/out in out in out in out in out
T 0 0 V2dy 4 | V2D.4 | dy2 | D2 | V2d 4 | V2D,/4
Ys ds/2 | D2 | V2d 4 | V2D,l4 0 0 -V/2d,/4 | -\/2D,l4
Coordinate X0 Y- X- Y- X- YO X- Y+
in/out in out in out in out in out
T, 0 0 -V2d /4 | -v/2D,4 | -d2 | -Dy2 | -/2d,/4 | -/2D,/4
Ys -ds/2 | -DI2 | -v/2d /4 | -/2D,l4 0 0 V2ds4 | V2D,l4
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The most critical normal stress distributions for each type of support are presented in Figure 5.20.
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Figure 5.20: Evaluation of stresses in the supports

The first observation is that all the stress values presented exceed the ultimate strength of the
material selected for the supports (S, = 4.7 - 10® Pa). The stress values experienced by the supports
range between approximately 7.5 - 108 Pa to 1.8 - 10° Pa, which means that the stress values exceed
by at least 1.6 times the material’s ultimate stress limit. The most critical stress value, reaching around
1.8 -10° Pa, is nearly 3.8 times greater than the ultimate strength of the material.

This clearly highlights that the support designs, as currently configured, is inadequate in providing
the necessary flexibility to accommodate the displacements imposed by the inner vessel. However, it
must be emphasised that the imposed displacements are significant, particularly when compared to
the length of the supports. Therefore, it can be concluded that there is a need to explore materials
that are capable of withstanding substantial displacements, even under extremely low temperatures.
Moreover, the simple tubular shape selected for the supports is insufficient for the intended application.
There is considerable potential for optimizing the support’s shape to reduce the stiffness values, thereby
enhancing its ability to accommodate the imposed displacements.

Further analysis of the figures reveals that, for Type 1 and Type 2 supports, the upper surface
(Y+) is subjected to compression while the lower surface (Y-) experiences tension. This phenomenon
is attributed to the bending moments introduced by the displacements in the » and v directions. In
contrast, Type 3 supports are primarily subjected to stress components arising from axial loading. The
only displacement experienced by the Type 3 support is w, which is aligned with the z-axis of the
support z,, as the displacements « and v are negligible at the central position of the inner vessel (see
Figure 5.14a).

In summary, the analysis highlights two key areas for improvement: the need for flexible materials
and the potential for geometric optimization of the supports in order to obtain a support design able to
accommodate large displacements at low temperatures. Specifically, the current tubular design should
be reconsidered, as optimizing the shape could significantly reduce the stiffness values and improve
the overall performance of the support system in terms of flexibility.

Fatigue considerations

As previously discussed in section 5.5, it is important to assess the fatigue life of both inner vessel and
supports, i.e. the number of loading cycles that inner vessel and supports can sustains before failure
occurs. The load cycles considered are characterised by a stress amplitude S, equal to half of the
maximum stress encountered. For the inner vessel the maximum stress value considered is S, ; =
3.21 - 10® Pa, while for the supports S, s = 1.78 - 10° Pa.
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For the metal inner vessel, the S-N fatigue curve in Figure 5.21 is directly obtained following the
methodology presented in section 5.5 for metal components. The S-N curve obtained is presented in
Figure 5.21 and the fatigue life calculated for the inner vessel corresponds to approximately 8-10° cycles.
Assuming that the tank is emptied and refilled every 6 months and thus each cycle corresponds to 6
months, the fatigue life of the inner vessel could then be expressed as 4 - 10? years, which far exceeds
the life span of the airplane (around 25-30 years [71]).

x108

S-N curve
Sa evaluated

1.5

Stress amplitude [Pa]

0 . . ‘ .
100 102 10* 108 108
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Figure 5.21: S-N curve for the inner vessel

Regarding the composite support structure, it has already been established that the stresses
developed due to the displacements of the inner vessel exceed the ultimate strength of the selected
material (S, = 4.7 - 102 Pa). However, it is crucial to note that the design requirements for the support
structure should not primarily focus on the ultimate strength but rather on the fatigue properties of the
material. Fatigue life is a critical factor because, under the repeated loading cycles experienced by the
tank during its operational life, supports may be subjected to stresses that are well below their ultimate
strength but could still accumulate damage over time. For the specific material selected (G-10 CR), the
fatigue properties at cryogenic conditions are currently unknown.

The general final remark is that the existing design is insufficient to handle the full range of dis-
placements without compromising the structural integrity and lifespan of the supports. Therefore, sub-
stantial modifications to the support structure are needed, either by selecting more suitable materials
with known fatigue properties, higher fatigue resistance, and flexibility, or by redesigning the support
geometry to better distribute and manage the imposed loads and displacements. This is necessary
to ensure that the supports can endure the operational stresses over the intended service life without
failure. Additionally, this evaluation highlights the importance of aligning the fatigue life of the supports
with that of the inner vessel to avoid premature failure and ensure reliable long-term performance of
the overall system.

Following the established design methodology (reference to section 5.7), the logical next step would
be to either adjust the material properties or safety factors of the inner vessel, or alternatively, modify
the material properties and/or section geometry of the supports. However, as previously stated, the
challenges encountered thus far are of such magnitude that they necessitate substantial changes in the
design (search for more appropriate materials, especially those with better fatigue resistance at cryo-
genic conditions, and a comprehensive topology optimization to refine the geometry of the supports),
which lie outside the scope of the current design methodology and would require a separate and fo-
cused study. Once support characteristics that can withstand the first filling of the tank are successfully
identified, the design process can proceed with the subsequent steps of the analysis, continuing to
evaluate the emergency landing load cases.
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In the interest of presenting the rest of the design methodology, these modifications will not be imple-
mented at this stage. Instead, the focus will remain on illustrating the design process and evaluating the
current configuration against the emergency landing scenario. This will allow for a clear understanding
of how different aspects of the methodology apply, while keeping in mind that future iterations should
incorporate material or geometric changes to fully address the identified challenges.

5.8.3. Emergency landing scenario - static conditions

The parameters of the performed analyses are in line with what is presented in table 5.5. The values
assumed for supports’ characteristics directly reflect what was discussed in section 5.8.1. The circular-
ring cross-section geometry is defined by R, =3 - 1072 mand t, = 1 - 10~ m. The length of the single
support is equal to the thickness of the insulation layer ¢, cum = 0.006 m and the selected material is
G-10 CR, a high-pressure glass-reinforced epoxy laminate. The corresponding axial stiffness k,, and
flexural stiffness k.. values for the individual support are k,, = 7.33 - 10° N/m and k., = 1.98 - 10*
N/m.

An important parameter in this analysis is the mass value of the inner vessel m;. This is calculated
by summing the contributes of the aluminum inner vessel, the hydrogen mass contained in it, and the
piping system connected to it. Assuming a fill rate FR = 0.95, the m; value can be calculated for the
LCP retrofit design. Based on the mass of the inner vessel, it is then possible to define the values of
the ultimate forces considered in the analysis. These values are summarised in table 5.10.

Table 5.10: Inner vessel mass and ultimate forces values for LCP retrofit design

my; LCP [kg] Fupward [N] Fforward [N] Fsideward [N] Fdownward [N] FTeaTward [N]
17.81 524.15 1572.45 698.86 1048.3 262.07

Subsequently, for a certain support structure configuration, the equivalent stiffness of the whole
support system in each of the three global coordinate directions (kcg,z,, keq,y,, @Nd keq,-,) must be cal-
culated (global coordinates system: x4, y,, and z,). This calculation involves summing the equivalent
stiffness values of the individual supports based on their orientation and characteristics, as outlined
in section 5.6. The specific support structure configuration that lead to acceptable levels of total dis-
placement in the direction of the applied force and maximum stress within safe limits is not known
beforehand. A practical approach is to first evaluate the simple configuration (Figure 5.9) to establish
baseline stiffness values. Subsequently, multiples of these baseline values are evaluated in order to
observe and analyse their effect on the structural response under ultimate applied forces. The results
of this analysis for total displacement in the direction of force application and for maximum stress in the
support structure are presented in Figure 5.22.
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The figures 5.22a and 5.22b indicate that, for the selected baseline configuration, the most critical
ultimate load case is undoubtedly F, wqerq. The total displacements in the force direction introduced
by Frorwara @re up to 6 times greater than those introduced by the other ultimate forces, while the
maximum stresses induced in the support structure are up to 6 times greater than those introduced by
the other ultimate forces. By comparing the values presented in table 5.10, it becomes evident that the
magnitude of the Fy,,.,qrq force is significantly higher than that of the other ultimate loads (at least 50%
higher). Additionally, this force is applied in a horizontal direction and, in the baseline support structure
configuration, only two supports are positioned in this direction. While the axial stiffness of the two
horizontally positioned supports plays a major role in resisting F's,,ward, it is important to note that the
flexural stiffness properties of the vertically and laterally positioned supports also contributes to the
overall equivalent stiffness. However, it should be emphasized that the axial stiffness of the supports is
significantly higher than their flexural stiffness (more than two orders of magnitude difference). In fact,
this is confirmed by the comparison of the equivalent flexural stiffness values of the baseline support
structure in the vertical, horizontal and lateral directions: keq verticar = 4.41 - 107 N/m, keq,horizontal =
1.49 - 107 N/m, kegiaterar = 4.41 - 107 N/m. The equivalent stiffness values in the vertical and lateral
direction are, in fact, almost 3 times greater than the equivalent stiffness value in the horizontal direction.

Despite these considerations, the baseline configuration is capable of providing a satisfactory re-
sponse to all ultimate load cases. The maximum stresses encountered are approximately an order of
magnitude lower than the ultimate load capacity of the material: the maximum stress in the support
structure found is in fact equal to 4.70 - 107 Pa, while the ultimate stress for the support material is
4.7 - 108 Pa. This margin of safety allows us to conclude that the baseline configuration is sufficient to
ensure adequate support when evaluating static conditions under an emergency landing scenario.

While further optimization may enhance performance, would also result in an increase of added
material implying both a greater mass and a greater heat inflow from the external environment through
the supports.

5.8.4. Emergency landing scenario - dynamic conditions

Consistent with the methodology presented in subsection 5.6.2, the system consisting of external ves-
sel, inner vessel and respective support system can be represented by a simplified model characterised
by:

* Mass properties: m; is the mass value of the mass point representing the inner vessel. For the
LCP retrofit design, m; = 17.81 kg (reference to section 5.8.3).

« Stiffness properties: k is the equivalent stiffness value of the support system in the direction of
the input acceleration (vertical). Its value depends on the stiffness properties of the individual
support (axial stiffness kq, = k. = 7.33 - 105 N/m and flexural stiffness kflew =1.98- 10* N/m) and
how the various supports have been positioned around the inner vessel.

» Damping properties: it is possible to assume standard values for the damping factor ¢ depending
on the type of structure. For a metal structure, it is usually assumed ¢ = 0.02.

The specific support structure configuration that results in acceptable levels of vertical displace-
ment over time and ensures that maximum stress remains within safe limits is not known in advance.
A practical approach begins by evaluating the simple support structure configuration (Figure 5.9) to
establish a baseline stiffness value in the vertical direction. Once this baseline is determined, the next
step involves evaluating multiples of this baseline stiffness to observe and analyze how changes in
stiffness affect the structural response to the applied acceleration spectrum. To facilitate this analysis,
M is introduced as a multiplication factor applied to the baseline stiffness value in the vertical direction.

First of all, the total displacement imposed on the support structure over time §(¢) must be evaluated.
Secondly, the corresponding maximum stress in the supports over time must be calculated. In this case,
it is possible to define two different types of axial stresses distribution in the supports. For the vertically
oriented supports, ¢ corresponds to an axial displacement (w) and the response will be governed by the
axial stiffness of the supports (type 1). In contrast, for the horizontally and laterally positioned supports,
0 corresponds to a lateral displacement (u or v), and the response will be determined by the flexural
stiffness of these supports (type 2).

The results of this analysis are presented in figures 5.23 and 5.24.
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Figure 5.24: Evaluation of the maximum stress in the supports over time

In contrast to the conclusions drawn for the static conditions, the baseline support structure con-
figuration is inadequate in this case. From figures 5.23 and 5.24, it is possible to notice how the time
response analysis for the baseline configuration (M = 1, k = 4.41 - 107 N/m) reveals displacements
that result in maximum peak stresses exceeding the ultimate stress of the material, which is 4.7 - 103
Pa. The baseline configuration’s inability to withstand dynamic loading conditions without exceeding
material limits highlights the need for a more robust support system that can provide the necessary
equivalent stiffness to reduce the total displacement imposed on the support structure and maintain
stress levels within safe limits during an emergency landing scenario.

From Figure 5.24, it can be noted that when the multiplication factor M is increased to 5.5, the re-
sulting peak stresses fall below 3 - 102 Pa. This indicates the necessity of developing an alternative
support structure configuration that can achieve an equivalent stiffness in the vertical direction & ap-
proximately 5.5 times greater than that of the baseline configuration, which corresponds to a stiffness
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value of 2.42 - 108 N/m.

To achieve a higher equivalent stiffness, it is clear that additional supports must be introduced.
However, since adding supports increases both the overall mass and the heat inflow from the external
environment through the support structure, it is crucial to strategically place these supports where they
will have the greatest impact. Given that the emergency landing dynamic conditions consist in an
acceleration spectrum applied in the vertical direction to the outer vessel of the tank, the key stiffness
value influencing the system’s response is the equivalent stiffness in the vertical direction. Furthermore,
considering that the axial stiffness of the supports is significantly greater than their flexural stiffness, it
can be concluded that the most effective strategy is to add vertical supports to the configuration. This
approach ensures that the additional supports contribute directly to enhancing the system’s ability to
resist vertical loads, thereby improving the overall performance under dynamic loading conditions while
minimizing unnecessary increases in mass and heat leakage through the support system.

After performing the necessary calculations, it has been determined that 26 additional vertical sup-
ports need to be added to the baseline configuration. Specifically, 13 supports should be positioned at
¢ =0 and another 13 at ¢ = n/2. These supports will be strategically located in the cylindrical region of
the inner vessel.



Conclusion

The present thesis examined the retrofit of a regional airliner with non-integral metal liquid hydro-
gen tanks, aiming to accelerate hydrogen propulsion adoption. Retrofitting existing aircraft is crucial for
quickly advancing hydrogen propulsion, reducing emissions, and enabling more sustainable air travel
by leveraging current infrastructure. The study focuses on performance requirements like cruise and
dormancy times, favoring metal over composites for the tank due to reliability and predictability under
cryogenic conditions. Both single-wall and double-wall tank designs are considered, with a focus on
balancing structural integrity, thermal insulation, and weight, especially for the inner vessel's support
system.

The first architecture to be analysed was the single-wall tank. This design approach, while simpler
and potentially more cost-effective, has been found to be primarily feasible for larger tank dimensions.
The ratio of surface area to volume is a key determinant: low values minimise the heat transfer into the
fuel, limiting hydrogen boil-off, and could be obtained by choosing spherical geometries and increasing
the tank’s size. The designs considered for the retrofit are characterized by relatively small dimensions:
this is because the retrofit requirements (such as ease of installation, the need for tanks to fit through
existing aircraft doors, and the requirement to avoid modifications to the aircraft’'s primary structures)
necessitate the use of multiple smaller tanks rather than a single large one. This implies a higher surface
area relative to the tank’s volume, which results in increased thermal losses, reducing efficiency and
preventing the design from meeting performance requirements.

In conclusion, while the single-wall L H, tank design has potential, its application is limited by the
need for larger dimensions to offset thermal inefficiencies inherent in its architecture. This makes it
suitable primarily for larger-scale applications where the surface area-to-volume ratio can be minimized.

The analysis of the double-wall tank architecture reveals its potential feasibility for the current
case study, being able to meet the requirements of cruise time and dormancy time for the retrofit de-
signs considered. The double-wall architecture, with its insulation system based on vacuum and MLI,
demonstrates a superior thermal performance, which significantly reduces heat transfer and boil-off
rates compared to the single-wall architecture.

Moreover, the analysis of the heat leakage budget through the support structure reveals that the
maximum allowable heat leakage is higher than the originally assumed heat leakage value relative to
two cylindrical composite supports developing longitudinally through the thickness of the insulation layer.
This offers additional thermal margin, providing flexibility to introduce alternative support structures or
optimize the existing ones without compromising the overall thermal performance. The design’s strong
thermal efficiency enables the exploration and optimization of different support strategies and materials,
offering the flexibility to tailor geometric configurations to meet specific structural and operational needs
while maintaining overall thermal performance.
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In order to ascertain the actual feasibility of the double-wall architecture, however, it is necessary to
evaluate possible designs for the support structure. Among the retrofit designs proposed by Yi-Hsiu
in his thesis project [82], the Longitudinal Circle Packing design is considered to have the greatest
potential for retrofitting the baseline aircraft, due to its superior crashworthiness and extended range,
and was taken as reference to continue the analysis and focus on the support structure.

The heat leakage budget through the supports associated with the specific design considered (char-
acteristics presented at the beginning of section 5.8) imposes a thermal requirement for the support
structure, as any introduced design must stay within the allowable heat inflow limit while meeting
structural and operational demands. As already mentioned in section 2.5, the material selected for
the support structure should be characterised by low thermal conductivity. This is further supported
by the observation that, within the entire range of possible thermal conductivity values (range between
0.01 W/mK to 1000 W/mK), only those below 109 W/mK fall within the feasibility zone imposed by
the heat leakage budget. Generally, materials with lower thermal conductivity allow for larger cross-
sectional areas and a higher maximum number of supports without exceeding the heat leakage budget.
Consequently, these materials offer greater flexibility in designing both the geometry of individual sup-
ports and the overall configuration of the support structure. Itis also for these reasons that the material
G-10 CR, a high-pressure glass-reinforced epoxy laminate, was selected for further analysis.

The primary function of the support structure is to prevent any contact between outer vessel and
inner vessel. The two most critical events in the operational life of a tank are the filling of the empty
tank initially at ambient temperature and pressure, and the static and dynamic conditions associated
with the emergency landing. As presented in section 5.1, the ability of the tank to remain functional
in these events results in the following requirements for the support structure: be compliant enough
to withstand the large thermal deformation of the inner vessel without plastic deformation, while being
stiff enough to withstand the crash loads without failing or causing damage to other components. The
two scenarios described place conflicting demands on the support system and one way to simplify the
problem is by decoupling them. Specifically, the flexibility of individual supports should be prioritized
to accommodate the thermal displacements during the tank’s initial filling process, ensuring the inner
vessel can expand and contract without issues. In contrast, the overall stiffness of the support structure
is key to withstanding the inertial forces and accelerations experienced during an emergency landing
static and dynamic conditions.

The key factors for ensuring the flexibility of the individual support is its stiffness properties (axial
stiffness k,, and flexural stiffness k;.), which depend on the geometry and material properties of the
support and determine how compliant the supports will be against deformations and displacements that
the inner tank experiences during the various phases of its operational life. Assuming a circular-ring
cross section characterised by the parameters radius R, and thickness t,, it is possible to analyse the
feasibility area in terms of these parameters and determine the possible associated stiffness character-
istics. In order to avoid the development of excessive stresses in the supports during the first filling
of the tank, the choice for the cross-section geometry must be directed towards values of radius and
thickness associated with relatively low stiffness. To proceed with the analysis, the following values
were assumed: R, =3-103mand¢,=1-10"3 m.

When evaluating the inner tank’s response to temperature and pressure differences experienced
during the first filling, the analysis found that the locations of tank’s center remained almost constant,
with minimal displacement, and, in general, the observed phenomenon is shrinking of the tank. This
confirms that between the decrease in temperature and the increase in pressure, the most decisive
phenomenon is the decrease in temperature. Moreover, the deformation undergone is almost compa-
rable to the axisymmetric solution. This makes sense as the entire structure (inner vessel, outer vessel,
support structure) is axisymmetric, as well as the applied temperature and pressure loads.

The stress analysis further confirmed that the tank’s structural integrity was intact, with a satis-
factory fatigue life, indicating that the design is robust enough to withstand the operational stresses
over its intended lifespan. However, the study also highlighted significant challenges in the design of
the support structure. The stresses within the supports were found to be over the ultimate strength of
the supports’ material, signaling the need for further optimization. Key areas for improvement include
the selection of more flexible materials and the geometric optimization of the supports to better ac-
commodate large displacements, particularly at low temperatures. The current straight tubular design,
while functional, should be replaced in order to reduce stiffness and improve flexibility to better handle
displacements from thermal contraction and expansion.
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The study also examined the tank’s performance under emergency landing conditions, both static
and dynamic. In static conditions, the basic support structure configuration was sufficient to maintain
the tank’s integrity, ensuring that it could withstand the ultimate inertial loads encountered during an
emergency landing. However, under dynamic conditions, the basic configuration proved inadequate.
Its inability to withstand dynamic loading conditions without exceeding material limits highlights the need
for a more robust support system that can provide the necessary equivalent stiffness to reduce the total
displacement imposed on the support structure and maintain stress levels within safe limits during an
emergency landing scenario. Achieving higher stiffness requires adding more supports, but since this
also increases the overall mass and heat inflow, it's essential to place these supports strategically for
maximum effect. Since emergency landing conditions primarily involve vertical acceleration, the focus
should be on enhancing vertical stiffness. Given that the supports’ axial stiffness is much higher than
their flexural stiffness, the most effective solution is to add vertical supports. This approach boosts
the system’s ability to withstand vertical loads, improving performance under dynamic conditions while
minimizing the additional mass and heat leakage.

The most significant challenge identified was then ensuring that the support structure could accom-
modate the displacements of the inner tank caused by the substantial temperature differential applied
during the first filling. To address this issue, two potential solutions could be proposed. The first involves
replacing the inner vessel material with one that has a significantly lower coefficient of thermal expan-
sion in order to drastically reduce the magnitude of the inner tank’s displacements. The second solution
focuses on developing a support structure capable of accommodating larger displacements without
undergoing plastic deformation or failure, employing advanced design techniques such as topology op-
timization. Both approaches require careful consideration of material properties and structural design
to ensure that the system can maintain its integrity and performance under the demanding thermal
conditions typical of cryogenic hydrogen storage. The choice between these two solutions will depend
on a variety of factors, including material availability, cost, and the specific operational requirements of
the tank system. Both options require further research and development to fully realize their potential
in creating a reliable and efficient liquid hydrogen storage system.

Overall, the methodology employed to evaluate various tank design solutions for retrofit case stud-
ies yielded significant and insightful results. Among the options considered, only the double-wall design
proved to be feasible. However, this configuration introduces a considerable level of complexity due
to the necessity of a support structure for the inner vessel. The methodology proved to be capable of
effectively analysing the performance of a hypothetical support structure under operating conditions.
Consequently, this study establishes a solid foundation for future research, providing clear and action-
able directions for addressing the remaining challenges associated with advanced hydrogen storage
technologies.



Recommendation for future work

The present study has laid a strong foundation for understanding the challenges and limitations of
designing cryogenic liquid hydrogen storage systems for aircraft retrofits. However, several aspects
remain unexplored or require further refinement to achieve a fully optimized and reliable design. The
following recommendations outline areas where additional research and analysis are necessary to
address the limitations identified in this work, improve design robustness, and ensure long-term oper-
ational safety. These future efforts will contribute to the development of more advanced, resilient tank
systems, capable of withstanding the critical conditions of aerospace operations.

Research effort in the development of design solutions for flexible supports

Future research should focus on the development of flexible support structures that are capable of ac-
commodating relatively large displacements without undergoing plastic deformation or failure as well
as the complex loading scenarios encountered by the tank system. Advanced design techniques such
as topology optimization could be employed to create supports that flex and adapt under different loads,
while maintaining structural integrity. Additionally, the development and investigation of materials with
superior fatigue resistance and flexibility, especially at cryogenic temperatures, is critical. These materi-
als should be able to withstand repeated loading and thermal cycling without experiencing degradation,
ensuring the supports remain functional over the tank’s operational life.

Analyze more complex support designs such as ring-like supports

Future work should also investigate more complex support geometries, such as ring-like supports.
These designs may offer advantages in load distribution and structural stability. Ring supports could
better distribute loads across a larger surface area, reducing localized stress concentrations and en-
hancing the overall durability of the tank-support system.

Include flexible-body modes of the vessels in the emergency landing dynamic analysis

In the current dynamic analysis, the inner and outer vessels are modeled as rigid bodies during emer-
gency landing scenarios. However, in reality, the vessels exhibit flexible-body behavior that could
significantly affect the response of the whole system. Future work should incorporate flexible-body dy-
namics into the emergency landing simulations to capture the real-world behavior of the tank structure
under high-impact conditions.

Consider sloshing loads

Another area for future improvement involves accounting for sloshing loads in the tank’s design. Liquid
sloshing inside partially filled tanks can introduce significant dynamic forces during sudden maneuvers,
takeoff, or emergency landings.
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Recommendations for aircraft designers

From the conclusions presented in chapter 6, general recommendations for aircraft designers can be
drawn, particularly concerning the design of cryogenic hydrogen storage tanks. The key points are
outlined below:

« Single-wall tank architecture: This design is primarily feasible for larger tanks, where the surface
area-to-volume ratio is inherently lower. This reduces heat transfer and makes the architecture
more suitable for retaining thermal performance.

Double-wall tank architecture: With superior thermal performance due to the vacuum layer and
multi-layer insulation, this design is highly effective when the surface area-to-volume ratio cannot
be minimized enough, such as in smaller tanks.

» Support structure flexibility: To accommodate the large thermal deformations of the inner vessel
without causing plastic deformation, it's recommended to use a greater number of smaller, more
flexible supports rather than fewer large, stiff supports. This approach facilitates the decoupling
of the conflicting requirements for flexibility (to manage thermal expansion and contraction) and
stiffness (to withstand mechanical and crash loads). Furthermore, advanced design techniques,
such as topology optimization, should be employed in the design of the support structures, allow-
ing for the fine-tuning of geometric features, while also minimizing material use and enhancing
thermal efficiency.

Material selection for supports: Materials with low thermal conductivity are critical for minimizing
heat leakage. Metals, due to their high thermal conductivity, should be avoided, and instead,
composite materials or advanced polymers with low thermal conductivity should be favored for
the support structure.
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