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Abstract

This thesis investigates the structural performance of composite materials with
thermoplastic matrices for use in cylindrical tanks designed for liquid hydrogen
storage under cryogenic conditions. A material property database at cryogenic
temperatures is developed and implemented in ANSYS Workbench. The study sys-
tematically examines the influence of several design parameters, including composite
wall thickness, matrix and fiber type, liner presence, and liner material. Among
the materials evaluated, carbon fiber-reinforced PPS and PEEK exhibit the best
performance, while glass fiber composites are less effective. While the incorporation
of an HDPE liner reduces the IRF, greater reductions for a lower mass penalty are
realised when using higher performance thermoplastics, particularly PEEK and
PPS, as a liner material as well as composite matrix. The optimal configuration—a
7.2 mm linerless CFPPS tank—achieves the highest performance between the
selected configurations. Although the modeling approach is intentionally simplified,
the findings offer valuable insights for material selection and structural optimization.
The study also identifies key areas for future work, including improved modeling
fidelity and the exploration of additional materials and geometries.
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Chapter 1

Introduction

As of now, it’s estimated that 85% of the global energy system relies on fossil fuels,
a finite resource projected to run out by the end of this century [21]. There are
several key concerns here. One is the dependence on emerging countries, which can
lead to fluctuations in the cost of fossil fuels. Another major issue is climate change
and pollution, problems which are being partially addressed through the adoption of
clean transportation fuels like hydrogen [9]. Hydrogen stands out as one of the most
promising alternatives to fossil fuels, thanks to its unique properties. Firstly, it’s the
most abundant element on Earth and can be produced through various methods,
some utilizing renewable energy sources, making hydrogen a completely sustainable
energy source. Moreover, hydrogen doesn’t produce any harmful particulates,
making it the preferred fuel choice in the transportation industry, particularly
within aviation, which aims to achieve zero carbon emissions by 2050 [10]. Despite
its potential, hydrogen comes with inherent drawbacks. It is highly flammable and
requires specific storage methods due to its low storage density. The storage density
issue can be addressed by either storing hydrogen under high pressures, as com-
monly done in automotive applications using high-pressure composite over-wrapped
pressure vessels (COPVs) [7], or in a liquid state at cryogenic temperatures below its
boiling point (around 20K). The latter is more efficient than the compressed method,
in fact while compressed gaseous hydrogen has a storage density ranging from 24.5
kg/m3 to 41.4 kg/m3 based on the operative pressure [31, 85, 88], liquid hydrogen
can be stored at a density up to 70 kg/m3 [72]. Although liquid hydrogen density
is higher, integrating cryogenic tanks into aircraft requires certifiable and reliable
storage systems. This work will investigate the structural performance of composite
materials with thermoplastics matrices for use in cylindrical tanks designed for
liquid hydrogen storage. Starting from the implementation of a material properties
database into ANSYS Workbench, the influence of several design parameters such
as composite wall thickness, matrix and fiber type, liner presence and material will
be examined to find optimal configurations, laying a base for further analyses.
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Chapter 2

State of the Art

2.1 Existing and Future Projects
Hydrogen finds application in a wide range of commercial uses, demonstrating its
versatility and potential as a clean energy source. One of the main points of debate
has always been its transportation. Nowadays, tanks are a well-defined technology
and fully commercialized, making the storage and transport of hydrogen more
feasible [10]. The automotive sector is at the forefront of hydrogen application,
with several commercially available hydrogen-fueled vehicles. Notable examples
include the Toyota Mirai, of which the hydrogen tank assembly is shown in Figure
2.1, and the Hyundai Nexo. Additionally, BMW is working on a hydrogen-fueled
vehicle, although it remains to be clarified whether it will utilize liquid hydrogen.

Figure 2.1: Close look of Toyota Mirai’s hydrogen system [1]

Currently, automotive applications primarily use compressed storage for hydrogen.
Despite advancements in vehicle technology, the fueling infrastructure remains an

2



State of the Art

open problem that hinders full-scale commercialization. The heavy-duty vehicle
industry shows significant interest in hydrogen to bypass some cities’ traffic limi-
tations, indicating a potential area for growth. Moreover, the railway sector has
expressed interest in hydrogen-fueled trains, particularly for use in areas where
the lines are not or cannot be electrified. This would allow for the replacement of
traditional diesel trains with cleaner hydrogen alternatives [45], as exemplified by
Alstom’s Coradia hydrogen train showin in Figure 2.2.

Figure 2.2: Coradia iLint [10]

In the early 2000s, Boeing successfully flew a small, unmanned aerial vehicle (UAV)
powered by a hydrogen fuel cell, shown in Figure 2.3. This achievement illustrated
the potential for hydrogen fuel cells to power future aircraft, offering a cleaner
alternative to conventional fossil fuels [51]. Hydrogen remains a current research
topic with future projects spearheaded by Airbus through their ZeroE initiative.
Airbus is actively exploring hydrogen-powered aviation and has proposed three
ZeroE concept aircraft: a turbofan, a turboprop, and a blended-wing body design,
all aiming to reduce emissions and revolutionize the aviation industry [2].

Figure 2.3: Boeing Fuel cell airplane demonstrator [51]

3



State of the Art

2.2 Hydrogen Storage

Figure 2.4: Hydrogen Storage Methods [81]

The energy content per unit mass of hydrogen, 120 MJ/kg of H2, makes it
extremely attractive compared to other combustibles. However, this advantage
comes with a great drawback, as hydrogen has the lowest volumetric energy density,
owing to its low density at ambient temperature [27]. To make hydrogen viable
and circumvent this problem, various storage methods have been developed and
implemented, each based on a different concept, as shown in Figure 2.4. The
different storage methods can be categorised in three main groups: compressed
storage, cryogenic storage and material based storage. When considering transport
applications, storage of hydrogen in another medium, be it chemical compound or
porous material, incurs a prohibitive mass penalty and is therefore excluded from
the scope of this work.

Compressed storage is one of the most widely used storage techniques. This
method involves compressing hydrogen in gaseous state into cylinders, containers
or even natural underground caves. The choice of storage depends on the specific
application [31, 85, 88]. For transportation the choice falls on cylindrical vessels,
into which hydrogen is stored under pressures that reach up to 700 bar. One of
the advantages of compression storage is its technological simplicity, facilitating
high rates of both filling and release. Unlike some other storage methods, com-
pression storage requires no additional energy for release, streamlining the process.
However this simplicity comes with a trade-off, as compression storage consumes
approximately 13%-18% of the Lower Heating Value (LHV) of hydrogen, which
renders it less economically viable. Furthermore, the volumetric density does not
increase proportionally with the pressure, due to gaseous hydrogen following the
real gas law. For instance, the volumetric density at 350 bar is 24.5 kg/m3, while
at 700 bar, it rises to 41.4 kg/m3.

One notable concern associated with high-pressure vessels is the increased risk of
explosion and safety hazards. Factors such as shocks and temperature gradients can
exacerbate these risks, necessitating careful handling and maintenance protocols.
Despite these challenges, compressed hydrogen storage remains widely used across
various automotive applications, as the aforementioned Toyota Mirai.
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Cryogenic storage represents another prominent method for storing hydrogen,
offering distinct advantages over compression. Liquefied hydrogen, with its density
of 70 kg/m3, higher than compressed hydrogen, allows for greater energy storage
per unit volume, translating to a higher volumetric energy density. This attribute
makes liquefied storage an appealing option as its production technology stands is
already well-established in the field, even though its application in transportation
is still under development [81].

Moreover the higher density of liquid hydrogen and the ability of storing it
at ambient pressure enables a reduction in vessel size and weight compared to
the compressed gas, which needs stronger and bigger vessels to withstand high
pressures. It is also shown how, thanks to its high volumetric energy density, liquid
hydrogen powered aircraft are more advantageous than kerosene fueled ones, as
the latter has a volumetric energy density of 43 MJ/kg [19]. One notable benefit
of using liquid hydrogen is that it is less corrosive than when it is in its gaseous
form, due to the lower mobility of hydrogen atoms at 20 K, hence using metal
vessels becomes more viable as embrittlement is reduced [47]. Cryogenic storage
is not without its drawbacks. The liquefaction process consumes approximately
30-40 percent of the lower heating value of hydrogen, rendering it costly [81, 88].
Additionally, a significant concern is the boil-off effect, wherein hydrogen is lost
due to energy input from the surroundings, resulting in a vaporization-induced loss
that ranges between 0.3 and 3 percent per day [48, 59]. This issue diminishes its
effectiveness for automotive applications, despite its widespread utilization in space
applications, as fuel for launchers, and a particular interest in the aviation field.

Cryo-compressed storage, combining elements of both compressed and cryogenic
storage, has garnered attention within hydrogen storage research. This method
involves storing hydrogen at cryogenic temperatures while maintaining a minimum
pressure typically ranging from 250 to 350 bar. This hybridization offers several
advantages, including higher densities and mitigation of the boil-off effect [6]. The
resultant storage density can reach up to 87 kg/m3 [6, 50, 81, 88]. Despite its clear
advantage in terms of volumetric density, this technique proves to be quite resource-
intensive, as it bears both the disadvantages of the compressed and cryogenic
storage, for a small increase in volumetric density. Table 2.1 summarises the key
differences between the aforementioned methods.

Table 2.1: Comparison of Hydrogen Storage Methods

Method Compressed Cryogenic Cryo-Compressed

Storage State Gas Liquid Dense, cold gas
or liquid

Operating Pressure 350 - 700 bar 1-5 bar 350-500 bar
Operating Temperature 295 K 20 K 40-120 K
Volumetric Density 25 kg/m3 (350 bar) - 40 kg/m3 (700 bar) 70 kg/m3 87 kg/m3
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2.3 Tank types

Figure 2.5: Schematics of the different types of tank material combinations and
their designations [7]

In an attempt to reduce the mass and therefore increase the storage efficiency
of tank structures, different material combinations have been explored, as shown
in Figure 2.5. There are currently five types of tank with each one considered
evolution of the previous design:

a. Type I: Made completely of metal, usually Stainless Steel or an Aluminium
Alloy, Type I tanks are capable of withstanding pressure up to 30bar. As
higher pressures lead to the need of a thicker metal wall, hence a significant
increase in weight[14, 81].

b. Type II: It consists in a metallic core, wrapped with a composite layer, which
allows to optimize weight but increasing costs.

c. Type III: Composed by a steel or aluminium liner, completely wrapped with
composite, it’s the first design that wants to move out of the full metal use
as composites, especially carbon fibers, are stronger in tension than steel or
aluminium, allowing higher pressures or thinner walls.

d. Type IV: The actual State of the Art, this tank type consists of a plastic
liner, usually HDPE [22], wrapped completely with a composite material. This
design moves away from the use of metal, solving some of the issues given by
the hydrogen interaction with the metal components such as embrittlement.

e. Type V: Fully Composite tank, it does not have a liner. The absence of
the liner eliminates the need of compatibility between liner and composite,
factor that becomes relevant especially at cryogenic temperatures, due to
the different behaviour of the composite wall and the plastic liner, although
making other problems more relevant such as the permeability of hydrogen

6
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through the composite, which in Type IV vessel can be reduced tanks to the
liner properties. Furthermore the liner elimination leads to a weight reduction
together with a better fatigue life [7, 8, 13].

This clear progression from all-metal to full composite linerless designs underscores
the industry’s drive towards composite materials. The primary motivation is the
significant weight reduction and corresponding increase in gravimetric storage
efficiency that composites offer over traditional metals. For demanding applica-
tions like aerospace and automotive, where minimizing mass is critical, advanced
composite tanks, type IV and V are not just advantageous but essential.

Therefore, this work will focus on performance and design parameters of these
composite vessels.

7
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2.3.1 Tanks for the storage of liquid hydrogen
As one of the constraints of liquid hydrogen storage is to limit the thermal gradient
between the liquid and the outer environment, three insulation techniques (Figure
2.6) are commonly utilised, consisting of a further element to take into account in
the design of the tank.

The traditional method consists in a double-jacketed tanks system, where the
outer jacket is filled with liquid nitrogen.

A more effective technique for cryogenic applications is vacuum insulation, where
a vacuum between the inner and outer walls of the tank drastically reduces heat
transfer from conduction and convection. This method is often enhanced by adding
super insulation in the vacuum space, using either reflective powder or Multi-Layer
Insulation (MLI). The latter limits every form of heat transfer by encasing the tank
with layers of materials with very low thermal conductivities, in the range of 10
to 50 µW/mK at temperatures between 20 and 300 K, within the high vacuum
environment [59, 78].

At last, Vapor-Cooled shielded tanks (VCS), which are a modified design of the
MLI tanks where the boil-off effect of hydrogen is predicted via the implementation
of a vapor chamber in which the hydrogen vapors are collected and act as an
additional insulating layer [74, 75].

Figure 2.6: Overview of the different tank configurations for liquid hydrogen
storage [59]
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2.4 Tank Manufacturing
2.4.1 Manufacturing Methods
Due to the complex shape of tanks, particularly the end caps, manufacturing of
type IV and V tanks typically utilises either winding, AFP, or braiding.

Filament Winding (FW) stands as a well-established technique in crafting
composite cylindrical structures [52], such as rocket engine cases and launch tubes.
This method involves an automated process for strategically positioning fibers in
patterns that conform to stress pathways, thereby maximizing the efficient use
of high-strength fibers and enhancing structural integrity [13]. The process is
illustrated in Figure 2.7.

Figure 2.7: Close look of the FW process [68]
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A widely used manufacturing technology that enables low-cost, high-efficiency
production is Automated Fibre Placement (AFP) [66]. In this process pre-preg
material is fed to a compaction roller, heated to its processing temperature (tack
for thermosets and melt for thermoplastics), and consolidated onto a substrate to
create a layered structure, as illustrated in Figure 2.8.

Figure 2.8: Schematics of the AFP process [7] (left), AFP facility at DLR in
Stuttgart [60] (right)

Braiding stands out as an advanced method in textile manufacturing, utilized for
crafting both two-dimensional and three-dimensional components. Unlike laminated
structures, braids intertwine yarns to establish seamless connectivity between
layers, thereby enhancing impact resistance, damage tolerance, and reinforcement
through thickness. Yet, despite the array of advantages, braided composites
present challenges due to their intricate fiber architecture, particularly in selecting
appropriate strain measurement and characterization techniques [36, 57].

Figure 2.9: Braiding Tool Overview [52] (left), Cylindrical structure manufacture
via braiding [3] (right)

10
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2.4.2 Composite Materials used for Tanks

Composite materials have emerged as a preferred solution for tank structures due to
their excellent strength-to-weight ratio, corrosion resistance, and fatigue durability.
These inherent properties allow for the construction of lightweight, durable vessels
capable of withstanding the high-pressure and temperature requirements typical of
applications like hydrogen storage [62]. Furthermore, they present a cost-effective
solution; their low weight and ease of fabrication reduce initial manufacturing
costs, while their long service life and minimal maintenance requirements lower the
overall lifetime cost of the vessel [62]. A key advantage of the technology is the
ability to tailor material properties through different fiber and matrix combinations.
For instance, specific strength and modulus targets can be achieved by varying
reinforcement types and layup configurations, providing engineers with the design
flexibility needed to optimize a vessel for a specific application [62].

The choice of matrix material plays a pivotal role in defining the overall behavior
and manufacturability of composites. Thermoplastics are gaining prominence over
traditional thermosets due to their recyclability, higher toughness, and ease of pro-
cessing [35, 63]. In structural applications such as storage tanks, these materials also
exhibit strong resistance to crack propagation and environmental degradation[61].
This robustness, combined with thermal resistance and reprocessability, makes
thermoplastic composites highly suitable for applications demanding longevity and
mechanical reliability [10].

Another critical factor in optimizing composite performance is the selection
of the appropriate fiber material. Carbon fibers and their high-strength variants
in particular, such as Toray T1000, are often preferred for their superior tensile
properties, which support the vessel in withstanding high internal pressures and
cyclic loads. However, lower-strength but more cost-effective fibers like Toray
T300 or T700 may be suitable for weight-sensitive applications, or where moderate
pressures are expected [62]. Glass fibers are taken into consideration in low-pressure
applications given the lower cost compared to carbon fibers, circa 2 $/kg compared
to the 20 $/kg of carbon, and tensile moduli comparable to low-strength carbon
fibers like Toray 300, 90GPa for high modulus variants of glass fiber and 135 GPa
for T300 [25]

In addition to matrix and fiber selection, composite performance can be further
enhanced through nanomaterial integration. The inclusion of graphene within the
matrix significantly improves mechanical stiffness and thermal conductivity, both of
which are essential for high-performance storage applications [16]. These advanced
composites promise superior durability and weight efficiency, aligning with the
evolving demands of energy storage systems.

In specialized environments like cryogenic storage, one of the main challenges
is the mismatch in the coefficient of thermal expansion (CTE) between the fiber
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and the matrix. This mismatch can lead to residual stresses, microcracking, and a
reduction in adhesion between fiber and matrix when the composite is subjected
to large temperature changes from ambient to cryogenic conditions [79]. These
microcracks can create pathways for leaks, compromising the safety and efficiency
of cryogenic storage systems. Therefore, selecting matrix and fiber materials with
compatible CTEs or developing matrix systems with improved toughness at low
temperatures is crucial for mitigating these effects and ensuring the long-term
reliability of composite tanks in cryogenic applications.

Matrix Fiber Source
DGEBA/TGMDA/DDS Carbon [79]
Epoxy Toray T700 (Carbon) [32]
Elium 591 (Arkema) H2550-24K Carbon Fiber [35]
Epoxy, Phenolic, Vinylester, Polyester Carbon T700 [62]
Epoxy Glass Fiber [61]
PEEK, PA6, PPS; HDPE, PA (for liner) Carbon [10]

Table 2.2: Overview of materials investigated in the reviewed papers

Given these significant challenges, and because the storage temperature of
liquid hydrogen is 20 K, it is necessary to further explicate the effect of cryogenic
temperatures on the behaviour of composite materials.

2.5 Effects of cryogenic temperatures
It is necessary to understand how the composites behavior is influenced by low
and cryogenic temperatures. An overview of material properties changes has been
extracted from Sapi et al. [71] and is below elaborated upon.

Regarding Tensile behaviour, as temperatures drop, both the Young modulus and
tensile strength of the matrix undergo significant increases. This phenomenon arises
from the reduced mobility of polymer chains, which strengthens the molecular
binding forces within the matrix. Consequently, the material stiffens as stress
relaxation slows down at lower temperatures, with stress relaxation potentially
ceasing entirely under cryogenic conditions, further bolstering stiffness [23, 26, 29,
38, 82].

The impact of cryogenic temperatures varies depending on the type of resin
employed. Moreover, the inherently non-uniform molecular structure of fibers is a
factor.

At cryogenic temperatures, fibers typically experience only slight improvements
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in modulus. For instance, Carbon Fiber (CF) may develop surface cracks, diminish-
ing its single fiber strength. However, this reduction is countered by the increased
strength of the fiber-resin interface due to thermal expansion [87].

Significant enhancements are observed in the longitudinal Young modulus and
tensile strength. Moreover, the transverse strength and stiffness of composite
materials largely depend on resin and interface properties, exhibiting notable
increases at cryogenic temperatures.

Decreases in longitudinal strength reported are attributed to internal stresses
during cooldown from the cure temperature to cryogenic temperatures. Additionally,
elongation at break diminishes as resin loses ductility, while stiffness increases. This
effect is noticeable not only in single Carbon fibers but also in composite materials.
Interestingly, Glass Fibers display a contrasting effect under cryogenic conditions.
While cracks may form, they do not lead to failure but instead contribute to
increased material density and act as stress relief mechanisms.

The internal mechanisms that influence the Tensile behaviour of the composites,
act as well on Compression and Shear behavior. Under Compression, both the
resins modulus and strength increase, and since the matrix bears the load during
compression, its increased stiffness and stronger bond with fibers enhance the lon-
gitudinal compressive strength and stiffness of composite materials. This improved
support also shifts failure from kinking to fracture at lower temperatures. The
shear behavior of fiber-reinforced composites is primarily influenced by the matrix’s
characteristics. Similar to tension, at cold temperatures, the resin becomes stiffer,
stronger, and less prone to strain before failure. This change is accompanied by the
elimination of non-linearity in the shear stress-shear strain response as temperature
decreases.

Thermal expansion significantly influences the mechanical characteristics of
composites under cryogenic and low-temperature conditions.

The coefficient of thermal expansion (CTE) varies among fibers depending
on their longitudinal and transverse orientations. Generally, aramid and most
carbon fibers expand lengthwise during cooldown, while glass and basalt fibers
contract in this direction. Conversely, in the transverse direction, aramid, glass,
and basalt fibers contract, while carbon fibers expand. This interplay between
fibers and resin creates a complex stress environment, leading to the development
of compressive stresses at the fiber-resin interface. These stresses enhance interface
strength, a critical factor contributing to the improved mechanical properties seen
in composites at cryogenic temperatures.
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Figure 2.10: Deformation of materials during cooldown to CT [71]

Figure 2.11: Thermal expansion of UD fiber-reinforced laminates [67]
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Figure 2.12: Thermal Conductivity of UD fiber-reinforce laminates [67]
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Figure 2.13: Stress-Strain curves for PPS at different temperatures [84]
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Figure 2.14: Tensile modulus of unidirectional fiber-reinforce laminates [67]
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Figure 2.15: Tensile strength versus tensile modulus of carbon fibre for three
different grades [67]
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Furthermore, the high stress environment caused by exposure to cryogenic tem-
peratures leads to diverse issues. These issues arise due to factors such as matrix
shrinkage during curing, Poisson’s effects, and differences in thermal expansion
coefficients between fibers, matrix, and neighboring ply groups in laminates. In
cryogenic liquid storage systems, small-scale damage can escalate with repeated
cycling, leading to structural failure due to inadequate consideration of microcrack-
ing and thermal stress. Thermal stresses perpendicular to the fibers in laminates
can cause failure, ultimately resulting in debonding and transverse crack formation,
as can be seen in Figure 2.16 [79].

Figure 2.16: Micro cracks in the composite after a cryogenic cycle [79]
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2.6 Simulations
The design, optimization, and certification of composite hydrogen vessels represent
a significant engineering problem. The extreme operating conditions, complex
material behavior, and stringent safety requirements make empirical testing both
economically unfeasible and time-consuming. Consequently, high-fidelity computa-
tional modeling and Finite Element Analysis (FEA) have become crucial for the
development cycle [43].

The simulation of high-pressure composite vessels for storing gaseous hydrogen
has matured significantly. The foundational task is ensuring structural integrity
under high internal pressure, for which deterministic FEA is the primary tool [43].

A key aspect of this analysis is the prediction of failure. This is achieved by
implementing various failure criteria in the FEA as shown in Table 2.3. Physically-
based, mode-specific criteria like the Hashin and Puck criteria are largely adopted
as these models offer a more nuanced prediction of damage initiation [55, 86].

Model/Criterion Type Physical Basis Predicted Failure
Modes

Source

Maximum Stress/Strain Limit Criterion Non-interactive; com-
pares individual stress/s-
train components to their
respective limits.

Fiber/Matrix Tension/-
Compression, Shear

[18]

Tsai-Hill Interactive Criterion Based on distortion en-
ergy, it extends the
von Mises criterion for
anisotropic materials.

Combined stress state
failure.

[18]

Tsai-Wu Interactive Criterion A general quadratic ten-
sor polynomial that in-
cludes interaction terms
between stress compo-
nents.

Combined stress state
failure.

[43]

Hashin Mode-Specific Physically-based, with
separate criteria devel-
oped for fiber and matrix
failure modes.

Fiber Tension/Com-
pression, Matrix
Tension/Compression.

[86]

Puck Mode-Specific Micromechanics-based,
focusing on fracture plane
analysis for inter-fiber
failure (IFF).

Fiber Failure, Inter-
Fiber Failure (IFF)
with multiple modes.

[55]

PDM via CDM* Damage Evolution Uses internal damage
variables to model stiff-
ness degradation post-
failure initiation.

Progressive evolution
of all modes (Matrix
Cracking, Delamina-
tion, Fiber Breakage).

[86]

*Progressive Damage Model via Continuum Damage Mechanics

Table 2.3: Overview of Failure Criteria and Damage Models for Composite Vessels
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To capture the gradual failure process and load redistribution that occurs after
initial damage, Progressive Damage Modeling (PDM) has become the state-of-the-
art deterministic approach [86]. PDM uses internal damage variables to model the
degradation of material stiffness after failure initiation, providing a more complete
picture of the vessel’s behavior up to burst.

While deterministic FEA provides a single-value prediction for burst pressure,
it cannot account for the inherent variability in material properties, manufacturing
processes, and operational loads. This has driven a shift towards probabilistic
and reliability-based design methods. The Monte Carlo Simulation is a prominent
technique used to assess the impact of these uncertainties, providing a bridge
between idealized simulation and experimental reality [4].

Furthermore, the design of high-pressure tanks involves multiphysics challenges
beyond simple structural mechanics. The introduction of Type IV vessels brought
the complex failure mode of liner collapse. This phenomenon is driven by the
permeation of small hydrogen molecules through the polymer liner. During a
rapid depressurization event, hydrogen trapped at the liner-composite interface
cannot escape quickly enough, creating a pressure differential that can cause the
liner to buckle inward [24, 62]. Accurately simulating this requires a coupled
diffusion-mechanical analysis.

Another critical challenge is the significant temperature rise during fast refueling.
This requires moving beyond pure structural mechanics into the realm of computa-
tional fluid dynamics to model the thermodynamic effects of gas compression and
ensure the vessel remains within safe thermal limits [31].

While the simulation of high-pressure gas tanks has reached a considerable
level of maturity, the analysis of composite vessels for storing liquid hydrogen
presents a different set of challenges. The physics of the cryogenic environment
fundamentally alters the material behavior, the dominant loading conditions, and
the primary failure mechanisms. In fact, for any structure operating at 20 K,
thermal and mechanical analyses are inextricably linked. The massive temperature
differential from an ambient fabrication temperature (293 K) to the cryogenic
operating temperature (20 K) becomes a dominant source of stress. As detailed in
Section 2.5, the primary driver of this stress is the mismatch in the CTE between
the composite’s fibers and matrix [65].

Therefore, a coupled thermo-structural analysis is the absolute foundation for
simulating LH2 tanks. The standard workflow involves a two-step FEA process.
First, a thermal analysis determines the temperature distribution throughout the
structure, and second, this temperature field is imported as a body load into a
structural analysis to calculate the resulting stresses and deformations [76].

The phenomena of microcracking adds another layer of complexity to the
analyses, as cracks can coalesce and interconnect between adjacent plies, forming
continuous leak paths through the tank wall [34, 49].
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Predicting this brittle fracture requires sophisticated tools beyond standard
failure criteria. The research focus has therefore shifted to a tighter integration of
advanced simulation with rigorous experimental validation. On the simulation side,
methodologies like Fracture Mechanics and the use of the Energy Release Rate
(ERR) as a design objective are employed [30]. To achieve the highest fidelity, trans-
scale modeling frameworks are also being developed. These connect the microscopic
behavior of fibers and matrix within a Representative Volume Element (RVE)
to the macroscopic performance of the entire tank, providing a more physically
accurate prediction of performance [40, 53].

The development and validation of these advanced models are, however, critically
dependent on experimental data. This essential research involves performing
cryogenic thermal cycling on composite coupons and examining the resulting
microcrack density with scanninge electron microscopy to validate the damage
models [79] and investigating the cryogenic performance of new materials, such
as thinner prepreg plies or toughened resins, to provide accurate input data for
simulations [54, 77].

This synergy between predictive modeling and physical testing is crucial for
advancing the research of cryogenic storage vessels, most notably the development of
linerless tanks. In such designs, the composite itself must serve as an impermeable
barrier. The microcracks are no longer just a structural concern but become direct
pathways for leakage, demanding a deep, validated understanding of permeability
through damaged media [7, 34, 49].

In Table 2.4 is possible to find an overview of the different simulation approaches
for compressed and liquid hydrogen tanks.
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Table 2.4: Comparison of High-Pressure and Cryogenic Hydrogen Vessels simua-
tions

Analysis Aspect High-Pressure Vessels Cryogenic Vessels
Primary Storage
State

Compressed Gas Cryogenic Liquid

Operating
Temperature

Ambient, with excursions
(233 K to 358 K)

Cryogenic 20 K

Primary
Mechanical Load

High Internal Pressure
(350 bar to 700 bar)

Moderate Internal Pressure
(typically <10 bar)

Dominant
Thermal Load

Transient heating during fast
refueling (~293 K to ~360 K)

Extreme, steady-state cold
and thermal shock during
cooldown (~293 K to 20 K)

Key Failure
Modes

Burst, Liner
Buckling/Collapse, Fatigue,
High-Temp Material
Degradation

Thermally-induced Matrix
Microcracking,
Delamination, Low-Cycle
Thermal Fatigue, Boil-off

Critical Compo-
nent/Interface

Polymer Liner / Composite
Interface

Composite Laminate
Interfaces, Structural
Supports (Thermal
Bridging)

Primary
Simulation
Challenge

Coupled
Diffusion-Mechanical
analysis for liner collapse;
Coupled CFD-Thermal
analysis for refueling.

Coupled
Thermo-Structural-Damage
analysis for composite
integrity; Heat transfer
analysis for boil-off.

Permeability
Model Focus

Gas diffusion through an
intact polymer liner.

Fluid flow through a
network of damage-induced
microcracks in the
composite.
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2.7 Research Gap
Composite materials are highly valued for creating strong, lightweight hydrogen
tanks. The performance of these composite structures significantly depends on
the materials used, a fact well-supported by research. New materials, such as
thermoplastics, are of particular interest due to their potential for improved tough-
ness, faster manufacturing, and recyclability. Another crucial design decision is the
inclusion and material type of a liner, as this choice profoundly impacts the tank’s
permeability and overall performance, especially in the context of creating linerless
vessels.

While numerous studies have established a mature field around the design and
analysis of composite vessels for storing compressed hydrogen [8, 9, 11, 15, 28,
30, 37, 46, 56, 64, 69, 70, 86], far fewer investigations have focused on the unique
challenges of composite tanks for liquid hydrogen storage [12, 30, 34, 40, 58, 76,
80].

The fundamental challenge for LH2 storage vessels shifts from managing high
internal pressure to mitigating the effects of extreme cryogenic temperatures (20 K).
As detailed in the previous sections, this introduces a different physical paradigm.
The primary driver of failure is no longer burst pressure but the severe thermally-
induced stress from the mismatch in thermal expansion coefficients between the fiber
and matrix. This stress leads to the critical failure mode of matrix microcracking,
which can create leak paths and compromise the vessel’s integrity.

Consequently, a significant research gap exists in the predictive simulation of
how different composite material systems, particularly emerging thermoplastics,
behave under these specific cryogenic conditions. While simulation for compressed
hydrogen tanks is well-developed, robust modeling of the coupled thermo-structural
phenomena and resulting microcrack damage in LH2 tanks is an area requiring
further research.

Given the cost and complexity of extensive cryogenic testing, high-fidelity
simulation is the most effective tool for initial design exploration. The scope of
this thesis is therefore to address this gap by developing and employing a coupled
thermo-structural Finite Element Model. This model will be used to analyze and
compare different tank configurations, specifically focusing on the performance of
various thermoplastic matrices. By predicting the thermally-induced stress fields
and the onset of matrix damage, this work aims to provide a clear comparison of
material performance, making it possible to identify the most promising candidates
for future manufacturing and experimental testing. In the following sections, the
methodology for this analysis will be introduced and the results will be discussed.
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Methodology

3.1 Geometry and Model Setup

(a) Tank geometry and key parameters. (b) The two geometric variations analyzed.

Figure 3.1: Overview of the tank geometries studied.

The analyses in this study were conducted using ANSYS Workbench, a well
established FEA simulation tool with high capabilities in composite materials
simulation.

The model considers a cylindrical tank with hemispherical end caps, as illustrated
in Figure 3.1a. To analyze the effect of scaling on performance, two variations of
the geometry were modeled, differing only in the length of their cylindrical sections.
The key dimensions for both tank configurations are summarized in Table 3.1.

25



Methodology

Table 3.1: Key dimensions for the two tank configurations.

Parameter Symbol Tank 1 Tank 2
Cylindrical Shell Radius rcylindrical 1 m 1 m
Cylindrical Shell Length Lcylindrical 3 m 1 m
Spherical Cap Radius rcap 1 m 1 m
Total Length Ltotal 4 m 2 m

Recognizing the symmetrical nature of the problem, the model was simplified to
represent only an eighth of the full tank geometry, as shown in Figure 3.2.

Figure 3.2: Tank Model

This simplification significantly decreased the computational resources and time
needed for the analysis.
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3.1.1 Composite layup and liner definition
ANSYS ACP (Pre/Post) was utilized for the specific task of defining the composite
model. The laminate was constructed based on a repeating fundamental group of
plies. This fundamental building block is an 8-ply, balanced laminate defined by
the sequence [0/45/90/45]2. Considering a nominal per-ply thickness of 0.1mm,
this 8-ply stack has a cumulative thickness of 0.8mm. The final composite laminate
is then fabricated by sequentially stacking this fundamental 8-ply group until the
target component thickness is reached. Finally, the newly created composite model
is exported to the analyses as solid elements model.

Figure 3.3: Layup sequence
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For simplicity, the liner was defined within ACP as a distinct layup sequence
consisting in a single isotropic ply of the desired thickness.

Figure 3.4: Example of the laminate structure with a liner, the 8-ply block has
been repeated 3 times to achieve a desired thickness of 2.4 mm
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3.2 Materials Creation
With the geometric and composite models established, the subsequent phase
of the analysis involves defining the material properties. This study considers
several composites formed using two reinforcing fibers, Carbon and Glass, and
four thermoplastic matrices: Polyphenylene Sulfide (PPS), Polyetheretherketone
(PEEK), Polyamide 6 (PA6), and Low-Melt Polyaryletherketone (LM-PAEK).

A key objective of this study is to investigate the liner’s role, therefore two distinct
liner materials were chosen. A conventional High-Density Polyethylene (HDPE)
liner was selected, alongside an Extended Matrix Liner. The latter concept involves
using the composite’s matrix material as the liner, allowing for an assessment of
the benefits of a material-matched interface. A complete summary of all materials
is provided in Table 3.2.

Fiber Matrix Liner
Carbon PPS HDPE
Glass PEEK Extended Matrix Liner

PA6
LM-PAEK

Table 3.2: Available materials for the simulation
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The composite materials used in this research were generated within ANSYS
using the Material Designer module, which allows for the modeling of both mechan-
ical and thermal properties of the matrix and fibers. The first step in the analysis
involved the creation of the material model, followed by its validation to ensure
accuracy.

Validation of the material model was performed by conducting a thorough review
of relevant studies [12, 17, 33, 80, 83], which identified the work by Grogan [33] as the
most suitable reference. The reference material was Suprem T/60/IM7/PEEK/150,
a composite tape containing a 60% fiber volume of IM7 carbon fibers in a PEEK
matrix. Ansys was used to simulate various CF/PEEK composites, with IM7
and other types of carbon fibers, with Grogan’s material serving as the baseline
for comparison. To ensure a consistent analysis, all simulated materials were
assigned a 60% fiber volume fraction and a 7 µm fiber diameter. The initial
validation was conducted at room temperature, with the comparative results shown
in Table 3.3. Noticeable discrepancies between simulated and literature data
are likely attributable to variations in manufacturing processes and raw material
characteristics, which are known to significantly influence final composite properties.

Property Grogan PEEK/IM7 PEEK/CF PEEK/T700S APC-2/IM7
Room Temperature (23°C)
Density [kg m−3] 1598 1592 1604 1604 1598
E1 [GPa] 134 167 176 139 172
E2 [GPa] 10.3 16.9 10.8 16.7 10
G12 [GPa] 6 6.40 4.04 6.33 5.50
ν12 0.32 0.30 0.245 0.30 0.27
k1 [Wm−1K−1] 3.5 4.2 1.31 5.74 —
k2 [Wm−1K−1] 0.4 1 0.4 1.06 —
α1 [×10−6 K−1] 0.2 -0.12 0.51 0.225 —
α2 [×10−6 K−1] 28 19.4 20.8 19.5 —
Cryogenic Temperature (-196°C)
Density [kg m−3] 1598 1592 1604 1604 —
E1 [GPa] 152 168 176 140 —
E2 [GPa] 9.50 22.6 13 13 —
G12 [GPa] 4.40 8.55 4.84 8.42 —
ν12 0.32 0.30 0.24 0.30 —
k1 [Wm−1K−1] 3.5 4.16 1.27 5.69 —
k2 [Wm−1K−1] 0.4 0.63 0.35 0.62 —
α1 [×10−6 K−1] 0 -0.45 0.167 -0.178 —
α2 [×10−6 K−1] 24.7 4.38 5.09 4.52 —

Table 3.3: Comparison of different CF/PEEK composites properties at room and
cryogenic temperatures
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Despite these variations, the elastic moduli in the fiber direction were found to be
of comparable magnitude across the different materials. Additionally, the density,
shear moduli, and Poisson’s ratios were in close agreement, indicating consistency
across the materials. The thermal expansion coefficients and thermal conductivity
values also showed good correlation with values reported in the literature.

To further validate the thermal conductivity results, a comparison was made
with analytical predictions using:

k1 = Vmkm + Vfkf and k2 = km + Vf

1
kf −km

+ Vm

2km

(3.1)

where k1 is the thermal conductivity in the fiber direction, k2 is the thermal
conductivity in the transverse direction, km and kf are respectively the thermal
conductivity of the matrix and the fiber, Vm is the matrix volume content and Vf

is the fiber volume content.

The simulation results were found to be in good agreement with the analytical
results, confirming the accuracy of the simulations.

At cryogenic temperatures, the composite materials demonstrated behavior
consistent with the expected trends for such materials, reinforcing the validity of
the material model under these conditions. Therefore, the model can be considered
valid for further use in the creation of the other composites. Moreover, to maintain
consistency with the reference study [33], all CF composites were modeled using
IM7 carbon fibers. This approach made it possible to isolate the properties of the
polymer and better assess its contribution to the overall performance later in the
study.
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As the availability of comprehensive data at cryogenic temperature for all the
materials involved in the analysis is scarce, there’s the need of an interpolation,
therefore property data for all materials where interpolation was needed, as indicated
in the following tables, was calculated according to Table 3.4.

Property Change (%) Source
Density Negligible [71]
CTE (in the range 20–77 K) -40 [26, 39, 44, 73]
Tensile Modulus (Fiber, E1) +15 [39, 42, 67, 71, 73]
Tensile Modulus (Transverse, E2) +30 [39, 42, 67, 71, 73]
Shear Modulus (G12) +30 [39, 42, 67, 71, 73]
Tensile Strength +40 [39, 42, 67, 71, 73]
Compressive Strength +40 [39, 67, 73]
Shear Strength -15 [42, 67, 71]
Thermal Conductivity Analytically Computed

Table 3.4: Approximate Changes in Composite Properties at Cryogenic Tempera-
ture (primarily 77 K)

Given the difficulty to retrieve comprehensive data at LH2 temperature (20 K),
the values at 77 K were used for the analyses.

Polymer Fiber
Property LM-PAEK PPS PEEK PA6 CF GF

Density RC RC RC RC RC RC
CTE R R RC R RC RC

Tensile Modulus R R RC R RC RC
Shear Modulus R R RC R RC RC

Thermal Conductivity R R RC R RC RC
R Room Temperature (295 K) RC Both Room and Cryogenic Temperatures (20K-77K)

Table 3.5: Polymer and Fiber Data Availability

The properties of the constituents have been used as is for the creation of
the desired composite materials. The materials for which constituents data was
available only for Room Temperature have been varied following the parameters in
Table 3.4.
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The following table shows which property for each material subject to the
analysis has been fully or partially interpolated, and which was possible to be found
in literature.

Material
Property CF/LM-PAEK CF/PPS CF/PEEK CF/PA6 GF/PEEK
Density      

CTE  #  #  

Tensile Moduli # #  # G#

Shear Moduli # #  # G#

Tensile Strength # # # # #

Compressive Strength # # # # #

Shear Strength # # # # #

Thermal Conductivity G# G#  G#  

 : Full Data Set G#: Partially Interpolated #: Fully Interpolated

Table 3.6: Data Quality at Cryogenic Temperatures

33



Methodology

3.3 Loads, Constraints, and Analysis Parameters
A couple static thermal-structural analysis was set up to evaluate the behaviour of
the composite tank. The first step would be to define the thermal loads. On the
inner wall of the tank has been applied a temperature of 20 K, corresponding to the
temperature of liquid hydrogen. Then, as cryogenic tanks are usually encased in a
multi layer insulation system under vacuum to minimize the heat transfer between
inner and outer wall, it would be necessary to model the insulation layer itself.
However, to reduce the cost and complexity of the simulations, the MLI/Vacuum
system has been simplified into a single radiation boundary condition applied to
the outer wall. The radiation load has been set with an emissivity of 0.04, typical
value for MLI systems [20, 41].

Figure 3.5: Thermal loads applied to the structure
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Successively the loads and constraints for the structural analysis have been
defined. A pressure load has been applied on the inner wall of the tank to simulate
the operative pressure. On each cutout, the displacement in the direction normal to
the corresponding plane has been constrained, to guarantee congruence conditions
in the material.

Figure 3.6: Pressure load applied to the structure

Figure 3.7: Constraints on the three cutout, out-of-plane displacement fixed
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The analysis evaluates both strain and stress distributions within the composite
structure. To assess the performance of the chosen material, a failure analysis
has been conducted. The Inverse Reserve Factor (IRF) was chosen as mean of
assessment as it provides a quick way to visualise wether a design is within its
limits. An IRF value less than 1.0 signifies that the applied stress is below the
material’s failure limit. An IRF value equal to or greater than 1.0 suggests that the
material has reached or exceeded its limit, and failure is predicted. For instance,
an IRF of 1.2 implies the load is 20 percent greater than the stress limit.

Two failure criteria were implemented. For the composite, the Puck criterion
was used, as it enables to visualise a more comprehensive failure behaviour, differ-
entiating between various failure modes within fibers and matrix, as exemplified in
Figure 3.8.

Figure 3.8: Failure modes according to Puck’s criterion [5]

For the liner, as it is made from an isotropic material, the Von Mises criterion
was used, which compares the Von Mises equivalent stress σv to the yield stress of
the material, as follows:

σv =
ó

(σ11 − σ2
22 + (σ22 − σ33)2) + (σ33 − σ11)2 + 6(σ2

12 + σ2
13 + σ2

23)
2 < σyield

(3.2)
The two failure criteria are then combined and the IRF is calculated within

ANSYS. For the results, the maximum IRF in the structure is taken.
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For a tank, Mass and Gravimetric Capacity constitute two important values
that need to be considered when assessing its performance, together with the failure
behaviour above described. The mass of the tank was valuated by extracting the
mass value of the model via ACP, and then multiplied it by 8, to get the full mass.
The Gravimetric Capacity was calculated as

GC = MLH2

MLH2 + Mtank

where the mass of liquid hydrogen, for simplicity, was considered for an entirely
filled tank, as

MLH2 = ρLH2 · Vtank

The volume of the tank was calculated by summing the volumes of the cylindrical
shell and the two emispherical caps, taking into account the thickness given by the
composite and liner, as

Vcylindrical = π(rcylindrical − tcomposite − tliner)2 · Lcylindrical

Vsphere = 4
3π(rsphere − tcomposite − tliner)3

As IRF, Tank Mass and Gravimetric Capacity are all crucial values to take into
account for evaluating the performances of the tank, they have been assembled
together into a Performance Index, defined as the geometric mean of their values:

F = ( ˆIRF)wirf · (ĜC)wgc · (M̂tank)wm

where wirf , wgc and wm are the mean weigths respectively for IRF, gravimetric
capacity and tank mass. As the contribute of all the variable is considered equally
important, the weights are all set equal to 1/3. The IRF, GC and Mtank involved in
the Perfomance Index calculation were beforehand normalized based on the desired
dataset, following:

ˆIRF = IRFmax − IRFvalue

IRFmax − IRFmin

ĜC = GCvalue − GCmin

GCmax − GCmin

M̂tank = Mtank, max − Mtank, value

Mtank, max − Mtank, min

Where IRF and Mtank are equal to 1 for the smallest value of the dataset, and GC
is equal to 1 for the highest.
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Finally, all the variables under consideration in the analysis have been set in a
parametric study, enabling to evaluate multiple combinations and get an overview
of how the performance of the composite tank varies with changes in the parameters.
All the parameteres utilized in the study have been reported in Table 3.7.

Parameter Values Unit

Shell material

CF/PEEK
CF/PPS
CF/PA6
CF/LM-PAEK
GF/PEEK

—

Shell thickness 2.4, 3.2, 4.8, 7.2, 9.6, 12, 24 mm

Liner material HDPE
Extended Matrix Liner —

Liner thickness 0, 2.5, 5 mm
Pressure 0.1, 0.325, 0.55, 1.0 MPa
Inner wall temperature 20 K
Emissivity 0.04 —
Cylindrical shell and caps initial radii 1 m
Cylindrical shell length 1, 3 m

Table 3.7: Parameters utilized in the simulations
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Results

4.1 Failure Analysis and Assessment of Liner and
Materials influence

The first set of results shows the mechanical behavior of a 12 mm thick CF-PEEK
Tank under a 0.55 MPa load.
Deformation (Figure 4.1) is coherent with the expected behavior of thin walled
cylindrical vessels, showing a higher magnitude on the longitudinal section compared
to the cap section.
Equivalent Von Mises Stress (Figure 4.2) is chosen to display qualitatively how
stress is distributed along the structure and follow the same trend and it is possible
to see how the longitudinal section presents higher IRF (Figure 4.3) values than
the spherical cap, this is due to the fact that cylindrical sections are subject to
higher stresses than spherical ones1

1

σcylinder = Pr

t
> σsphere = Pr

2t
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Figure 4.1: Deformation

Figure 4.2: Stress Distribution
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Figure 4.3: Failure Index
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Figure 4.4 shows the variation of the IRF correlated to change in wall thickness
and pressure. Intuitively, thicker tanks exhibit a higher structural strength than
thinner ones.

Figure 4.4: Linerless CF-PEEK Tank IRF variation
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Once the effect of thickness and pressure has been determined, the successive
analyses focused on the impact of different composite materials. After the materials
evaluation, an HDPE liner influence has been investigated. For the reader’s sake
the results for both analyses are summarized in Figure 4.5, showing failure behavior
at three significant values of pressure. It is important to state that 1 MPa is

Figure 4.5: Analysis of Failure for different Materials and presence of an HDPE
Liner

significantly higher than the functioning pressure of the tank which is 0.2 MPa.
To take into account all the loss in accuracy given by the simplifications done in
this study a safety factor of 2.75 has been considered, hence 0.55 MPa has been
chosen as the design pressure and on which to base comparisons on. Furthermore
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as all the studied composite materials are a composition of Carbon Fiber and a
polymer, only the name of the latter is shown for convenience in the following results.

Looking at the results, 12 mm is the minimum thickness for which there isn’t
failure for at least one material. Moreover, PPS and PEEK show to be the best
candidates for such thickness. LM-PAEK and PA6 show to be the worst in all cases,
with their performance improving for thicker tanks and PA6 surpassing LM-PAEK
performances as thickness gets higher.
Concerning the liner presence, it doesn’t increase the failure performance on thick
tanks, where the liner thickness is overshadowed by the composite’s. A different
matter occurs for thin composite shells, for which the liner has a significant effect
in reducing the IRF.

An interesting observation can be made for the 0.55 MPa and 0.1 MPa cases
where, by modifying the pressure or the thickness, the polymer performance ranking
changes, leading to cases where PA6 outperforms the other materials. This behavior
is likely due to the approximative data, especially strength values, that have been
used in the analysis, as they are highly dependant on a wide number of factors like
fiber selection, matrix, manufacturing methods etc.

Moreover, as the IRF calculation is based on Puck’s criterion and takes account
of various fiber and matrix failure modes, the majority of the material presented
matrix cracking as critical failure mode, hence a higher or lower IRF indicates the
capacity of said material to withstand that fracture mode. As the Puck criterion
calculates separate failure indices for distinct modes and the final IRF is determined
by the single highest failure index, it is possible that the change in pressure and
thickness induces a shift in the critical failure mechanism, which leads to a change
in the IRF, which can be higher or lower based on the capacity of the material to
withstand the predominant failure mode.
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Once the design pressure has been defined, a refinement study has been conducted
in an attempt to minimise the thickness. To do so, the analysis objective is to find
which thicknessess below 12 mm result in an IRF lower than but close to one and
for which materials. Based on their performance in the previous analysis, 2.4 and
3.2 mm have been discarded, and three values of thickness between 12 mm and 3.2
mm have been chosen as refinement values. The results can bee seen in Figure 4.6.

Figure 4.6: IRF for Refined Thickness

From the three values of composite thickness taken into exam, 7.2 mm is the
minimum value for which failure doesn’t occur in at least one specimen. Here,
PPS confirms its position as the best performer. The same happens for 9.6 mm,
where PPS is followed by PEEK, but only if the liner is present. Given the choice
of a conservative safety factor, it is possible to assume that PEEK and PA6 may
be a viable choice, even for the refined thicknessess. Thus, PPS, PEEK and PA6
will be maintained for further analyses. LM-PAEK will be instead discarded as it
doesn’t yield satisfying results. Both 7.2 mm and 9.6 mm will used from now on as
parameters for successive analyses.
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4.1.1 Extended Matrix Liner

Figure 4.7: Comparison of failure between a PEEK and a HDPE Liner for a
CF-PEEK Tank

While the liner influence on failure has been shown for a HDPE liner, it is
quite interesting to see if varying the liner material and in particular choosing an
extended matrix liner, improves or not the performance of the tank. First of all, a
comparison between HDPE and extended matrix is due, and it is shown in Figure
4.7.

As PEEK tensile strength is approximately 4 times higher than HDPE, its use
as liner material proves to be a good choice, improving the compatibility between
liner and composite layer. PPS and PA6 have been analysed with an extended
matrix liner as well, and the results are presented in Figure 4.8.
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Figure 4.8: Failure of Tanks with an Extended Matrix Liner

All the materials benefit from the extended matrix liner, especially PEEK, which
converges on the same performance of PPS or even surpasses them.
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4.2 Fiber variation
Given the thermal sensitivity of the composite material properties, another inter-
esting results is given by the comparison between two different fibres with the same
polymer. A tank with GF-PEEK has been evaluated and the results shown.

Figure 4.9: Failure of GF-PEEK and CF-PEEK comparison

GF-PEEK proves to be a worse candidate than CF except for some limit cases
where the liner aids in failure performance. This is clearly ought by the lower
modulus of the glass fiber, 90GPa, compared to the one of the carbon fiber, 230
GPa.
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It is worth examining how the difference in fiber material influences the thermal
performance of the tank, as this could inform the choice between Glass and Carbon
fibers. Figure 4.10 illustrates the temperature distribution and the heat flux
through the thickness for each specimen, while Table 4.1 lists the relevant material
properties. The thickness coordinates in the figure start from the composite shell,
so negative coordinates refer to the liner portion where present.

Figure 4.10: Thermal Comparison between Carbon and Glass fibers and PEEK
matrix, for a 7.2 mm tank. PEEK was used as liner material and the liner thickness
is 2.5 mm. For both carbon and glass fibers the liner results overlap along the liner
thickness

Table 4.1: Thermal conductivities of the materials used in the analysis.

Material Direction Thermal Conductivity [W/m/K]
CF/PEEK In-Plane 4.17

Through-Thickness 0.64
GF/PEEK In-Plane 0.67

Through-Thickness 0.43
PEEK Isotropic 0.17

As a consequence of the MLI layer used in the analysis (emissivity of 0.04), the
overall thermal gradient between the inner and outer walls is not significant in any

49



Results

of the cases. The highest temperature difference is approximately 0.1 K on the
outer wall.

The variation in the temperature profiles is due to the different thermal con-
ductivities of the materials. For a given heat flux, a material with lower thermal
conductivity will exhibit a steeper temperature gradient. Conversely, a material
with higher conductivity will have a flatter profile. As seen in the figure, the
carbon fiber (CF/PEEK) curves are flatter than the glass fiber (GF/PEEK) curves,
correctly indicating that CF/PEEK has a higher thermal conductivity. The effect
of the PEEK liner is also clearly visible as its steep temperature profile confirms
that the unfilled polymer has a significantly lower thermal conductivity than the
fiber-reinforced composites.

Given the low thermal gradient, the mechanical properties of the materials are
not significantly affected by temperature. It is therefore useful to investigate the
difference in heat flux between the inner and outer walls, as its minimization is a
critical aspect of thermal design. The results show that the linerless CF/PEEK
tank exhibits a heat flow of 17.230 W/m2, compared to 17.240 W/m2 for the
linerless GF/PEEK tank. The presence of the liner increases it compared to the
unlined CF/PEEK tank, with final values of 17.257 W/m2 for the lined CF/PEEK
tank and 17.266 W/m2 for the lined GF/PEEK tank.

Ultimately, the differences in thermal performance between the configurations
are minimal due to the effectiveness of the chosen insulation system. While these
results are critical for a detailed boil-off analysis (which is outside the scope of
this work), they suggest that other factors are more decisive for the overall design.
Therefore, the focus will shift to evaluating the mechanical performance, where
factors like failure data, mass, and gravimetric capacity provide a more robust
basis for selecting the optimal configuration.
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4.3 Failure Performance Overview
From all the previous analyses, an overview of the best performing configuration
has been done. The choice of the configurations has been made aiming to stay in
a range of IRF values between 0.77 and 1.1. To provide a better overview of all
materials, the two best performers, CF-PEEK and CF-PPS, the extended matrix
liner, HDPE liner and linerless configuration were taken, while for GF-PEEK and
CF-PA6 only the best performing values were included. Regarding the latter,
although it doesn’t fill in the chosen IRF range, it has been maintained to provide a
way to visualise where PA6 positioned among the others. Additionally, for CF-PPS
and CF-PEEK only, the configurations with the 2.5mm liner were chosen as they
avoid unnecessary overdesign caused by and IRF below 0.7.

Fiber Matrix Thickness [mm] Liner Material Liner Thickness [mm] IRF
CF PPS 9,6 PPS 2,5 0,7234
CF PPS 9,6 HDPE 2,5 0,7521
CF PPS 9,6 LINERLESS 0 0,7616
CF PPS 7,2 PPS 2,5 0,8336
CF PEEK 9,6 PEEK 2,5 0,8390
CF PPS 7,2 LINERLESS 0 0,8869
CF PPS 7,2 HDPE 2,5 0,8990
CF PEEK 7,2 PEEK 2,5 0,9186
CF PEEK 9,6 HDPE 2,5 0,9731
CF PEEK 9,6 LINERLESS 0 0,9971
GF PEEK 9,6 PEEK 5 1,0134
CF PA6 9,6 HDPE 5 1,3924
CF PA6 9,6 PA6 5 1,4357

Table 4.2: Failure Performance Overview
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4.4 Mass Analysis
As the influence of thickness and Pressure are of immediate comprehension, it is
interesting to evaluate how the presence of a liner influences the tank performance,
starting with how its mass, an important parameter to take into account, varies.

Figure 4.11: CF-PEEK Tank Mass variation

As one might expect, the presence of a PEEK liner increases the tank’s mass,
even though the effect of the composite thickness is dominant.

A significant modification is given by varying the length of the tank, thus its
geometry. A 1 meter long tank has been taken into account and compared with
the 3m one analysed until now. Failure assessment result yielded similar result and
not a significant variation of the failure indexes, see appendix for the results of the
failure assessment.
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As the Parameters shown before bring to the same conclusion for both geometries,
Tank Mass and Gravimetric Density proved to be a better mean to show the
difference in performance between the two, the analysis results are illustrated in
Figures 4.12 and 4.13.

Figure 4.12: Mass and GC difference between the two geometries for a 7.2 mm
thick CF-PEEK tank, Extended Matrix Liner
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Figure 4.13: Mass and GC difference between the two geometries for a 9.6 mm
thick CF-PEEK tank, Extended Matrix Liner
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The best configurations that were identified in table 4.2 were reconsidered in
the table below and compared to the same cases for the new geometry. Whereas
for the previous cases the failure was the main object of comparison. This time
the focus shifted on mass and gravimetric capacity. For the sake of simplicity the
configurations were written into the table following the formula [FIBER-MATRIX-
THICKNESS-LINER-LINER THICKNESS].

Configuration IRF Mass [kg] Gravimetric
Capacity IRF Mass [kg] Gravimetric

Capacity
3m 1m

CF-PPS-7.2-LINERLESS 0,887 364,13 0,72 0,934 205,72 0,71
CF-PPS-7.2-HDPE-2.5 0,899 437,72 0,68 0,946 247,30 0,67
CF-PEEK-7.2-PEEK-2.5 0,919 460,42 0,67 0,967 260,13 0,66
CF-PPS-7.2-PPS-2.5 0,834 471,11 0,66 0,878 266,17 0,66
CF-PEEK-9.6-LINERLESS 0,997 481,41 0,66 0,999 289,39 0,63
CF-PPS-9.6-LINERLESS 0,762 486,24 0,66 0,766 292,30 0,63
CF-PEEK-9.6-HDPE-2.5 0,973 555,37 0,63 0,987 334,01 0,60
CF-PPS-9.6-HDPE-2.5 0,752 560,22 0,62 0,756 336,93 0,60
CF-PEEK-9.6-PEEK-2.5 0,839 581,71 0,61 0,883 328,65 0,61
CF-PPS-9.6-PPS-2.5 0,723 593,62 0,61 0,761 335,38 0,60

Table 4.3: Configurations Overview for Different Geometries, sorted by Mass for
the 3 m geometry

As one can observe, the varied geometry doesn’t influence in a significant way
how the configurations behave in terms of inverse reserve factor and gravimetric
capacity. The latter happens because the reduction in length of the tank yields to a
reduction of the total volume of both tank and hydrogen, wich keep approximately
the same ratio as the first geometry, hence the similar values of GC. A different
matter is the mass, as it is evident how the smaller tank gives a good reduction in
mass, enabling for the use of the configurations in cases where dimensions matter
the most.
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To provide a quick way to visualize which one is the best configuration, each
configuration Mass, IRF and GC ha been assembled in the defined Performance
Index and their difference for both geometries hereby presented.

Performance Index F
Configuration 3m 1m
CF-PPS-7.2-LINERLESS 0.74 0.64
CF-PPS-9.6-LINERLESS 0.56 0.46
CF-PPS-7.2-PPS-2.5 0.54 0.52
CF-PPS-7.2-HDPE-2.5 0.54 0.46
CF-PEEK-7.2-PEEK-2.5 0.45 0.35
CF-PPS-9.6-HDPE-2.5 0.25 0.00
CF-PEEK-9.6-HDPE-2.5 0.13 0.03
CF-PEEK-9.6-PEEK-2.5 0.11 0.15
CF-PPS-9.6-PPS-2.5 0.00 0.09
CF-PEEK-9.6-LINERLESS 0.00 0.00

Table 4.4: Performance Index Configurations Overview

The best configuration is the 7.2 mm CF-PPS linerless tank for both geometries,
this is because it has the best tradeoff between IRF, Mass and GC. It is then
followed by different combinations of CF-PPS and CF-PEEK with an HDPE Liner,
which have similiar performances, with a Performance Index approximately 30%
lower. The rest of the configurations yielded values close to 0, this is ought to
them having a high mass, low GC or high IRF, which drive the performance index
towards 0.

56



Chapter 5

Discussion

The study evidenced the difference between various materials in how they are
able to withstand failure at cryogenic temperatures for a liquid hydrogen storage
application. The variation of all parameters allowed the visualization of how each
of those impacts the performance of the tank. By increasing the thickness, the tank
performs better with lower values of the Inverse Reserve Factor. Adding a Liner
helps further, rending feasible the use of configurations otherwise at a disadvantage.
Although, A tradeoff between all the parameters is needed. In fact the results
showed how choosing the higher values of liner and composite thickness isn’t always
the best choice, as it comes with a significative increase in mass, thus lowering the
efficiency of the tank. While all of these qualities could be analyzed and discussed
upon, the study can see use of a wide range of improvements.

First of all the quality of the data should be reviewed, as the impossibility to
find a comprehensive dataset of material properties at cryogenic temperatures made
it mandatory to interpolate the properties of the majority of the materials taken
into exam. The ideal solution would be to test each materials in a lab and use the
resulting data, providing with a better accuracy.

Regarding the model, spherical caps have been used. This solution was chosen
for simplicity of simulation, a refinement of the caps section of the tank should
be done for more accurate results. Consequentially, as a standard tank needs to
be refilled, thus to have an opening, a boss should be added to the model and its
interaction with the composite material investigated to have a better understanding
of how another component of a tank interacts with the composite layer.

Further expanding on the matter, as a consequence of the scarceness of data, a
better and more complete temperature model should be considered.

As the study itself focused on delineating the main differences between materials,
all the other design aspects were neglected, as the modeling of a proper insulation
layer and different analyses on permeability and crack propagation. As perme-
ability is a crucial factor in the performance of a liquid hydrogen storage tank, a
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simulation should be taken into account. Furthermore, as a common application
sees the emptying and refilling of the tank for a number of cycles, a simulation to
investigate the behavior of the materials under a continuous cycle on a wide range
of temperatures could give more insights and improve the quality of the results.

Finally, the analysis incorporated a conservative approach accounting for ne-
glected factors by applying a high safety factor of 2.75 to the functional pressure to
determine the design load. This conservative approach resulted in an overestimation
of the mass and subsequently an underestimation of the gravimetric capacity. This
leaves significant room for optimization and further investigation into the feasibility
of configurations that were initially deemed less favorable.
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Chapter 6

Conclusions

The analyses conducted in this study reveal results that are consistent with the
expected behavior of cylindrical structures. The first results showed how increasing
the thickness of the composite shell was shown to reduce the IRF, mitigating
failure. At the same time, a design load was defined, starting from the functioning
pressure of 0.2MPa and multiplying by a generous safety factor of 2.75, the resulting
pressure of 0.55MPa was chosen as design load to base the successive analyses upon.
Among the materials evaluated, CF/PPS and CF/PEEK demonstrated the best
performance, followed by CF/PA6 and CF/LM-PAEK. The latter was outshadowed
by the alternatives, which were further analysed. Optimal thickness values for
the composite shell were identified as 7.2mm and 9.6mm, aiming for a balance
between mass minimization and the right value of IRF. At the same time, the effect
of a liner has been investigated, showing the utility of the liner itself in failure
mitigation, although resulting in a mass increase. Both HDPE and and Extended
Matrix Liner were studied, with the latter proving to be better especially for PEEK,
which benefited the most thanks to its superior properties compared to HDPE. In
contrast, the variation of the fiber material with glass fibers did not yield improved
results, given the better mechanical properties of carbon fibers and the thermal
performance differences were negligible for the studied cases, moving the focus
on the evaluation of other factors such as IRF, Mass and Gravimetric Capacity.
Likewise, the variation in length of the cylindrical section of the structure did not
evidence significant differences in the results of the IRF, except for the difference
in the overall mass of the structure. To better compare all the configurations taken
into exam, a performance index was built, by weighting the contribute of the three
main group of results, IRF, Mass and Gravimetric Capacity. As all of them are
significant variables in the design of the tank, they were weighted equally.

The analysis of this index revealed that the 7.2 mm linerless CF-PPS tank is the
premier configuration for both the 1m and 3m geometries. This design offers the
best trade-off between a safe IRF value, minimal mass, and the highest gravimetric
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capacity with a performance index of 0.74 for the 3 m long tank and 0.64 for
the 1 m long one. It was followed by the 9.6 mm linerless CF-PPS configuration
and various CF-PEEK configurations which also stand as viable, high-performing
options depending on specific mission requirements, demonstrating performance
indices ranging from 0.45 to 0.56 for both geometries.

This study provided valuable insights and facilitated a clear comparison between
different composite materials, highlighting optimal configurations for further inves-
tigation. Despite the positive outcomes, the study employed a simplified approach,
suggesting ample opportunities for improvement. These include enhancing data
accuracy, refining thermal models, and expanding the range of materials and con-
figurations considered. The conservative safety factor applied potentially led to an
overestimation of mass and an underestimation of gravimetric capacity, indicating
potential areas for future refinement.

Overall, the findings of the study lay a foundation for future research, offering
insights and directions for further investigations regarding the analysis of Composite
applications at Cryogenic Properties.
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Appendix A

Material Model

Figure A.1: Representative Volume Element (RVE) model used for the simulation
of the composite materials properties
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Table A.1: Composite ANSYS Material Properties

Property CF/PEEK CF/PA6 CF/PPS CF/LM-PAEK GF/PEEK
Density [kg/m3] 1592 1528 1608 1644 2004
CTE [1/K]

X −4.60 × 10−7 −6.00 × 10−7 −5.22 × 10−7 −1.23 × 10−7 6.45 × 10−6

Y 4.38 × 10−6 2.93 × 10−6 3.43 × 10−6 4.44 × 10−6 1.70 × 10−5

Z 4.38 × 10−6 2.93 × 10−6 3.43 × 10−6 4.44 × 10−6 1.70 × 10−5

Tensile Modulus [GPa]
X 168.00 165.00 167.00 173.00 56.40
Y 22.60 7.60 19.40 75.00 20.90
Z 22.6 7.6 19.4 75 20.9

Poisson Ratio
XY 0.3 0.27 0.31 0.34 0.28
YZ 0.38 0.27 0.45 0.55 0.43
XZ 0.3 0.27 0.31 0.34 0.27

Shear Modulus [GPa]
XY 8.6 3.43 6.64 2.2 7.28
YZ 8.2 2.97 6.75 2.5 7.36
XZ 8.6 3.43 6.64 2.2 7.28

Tensile Strength [MPa]
X 2400 1050 1799 2410 178
Y 86 67 43.5 86 14
Z 86 67 43.5 86 14

Compressive Strength [MPa]
X 1300 1000 777 1300 168
Y 86 67 44 85 14
Z 86 67 44 85 14

Shear Strength [MPa]
XY 152 50 95 42 77
YZ 152 50 95 42 77
XZ 152 50 95 42 77

Thermal Conductivity [W/m/K]
X 4.16 4.21 4.17 4.62 0.66
Y 0.64 1 0.72 3.1 0.4
Z 0.64 1 0.72 3.1 0.4
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Table A.2: Fibers and Polymers Properties

Property PEEK PPS LM-
PAEK PA6 HDPE IM7 S-

Glass

Density [kg/m3] 1260 1350 1440 1150 924 2180 2500

CTE [1/K] 3.00 × 10−5 8.00 × 10−6 9.00 × 10−6 9.00 × 10−6 2.00 × 10−5 −4.00 × 10−7 2.90 × 10−6

Tensile Modulus [GPa] 6.1 4.8 19.5 2.1 4.83 276 90

Poisson Ratio 0.3779 0.37 0.44 0.23 0.4 0.3 0.22

Yield Strength [MPa] 110 55.2 – 30 28.4 5.65 4.58

Thermal Conductivity
[W/m/K] 0.173 0.2 1.3 0.29 0.5 5.4 1
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Appendix B

Results - Different Liner
Materials

Figure B.1: Comparison of different liner materials for a CF-PEEK Tank

The plot evidences how the choice of the same material as the composite yields to
a better performance, given also by the choice of PEEK which has better mechanical
properties than the other polymers.
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Results - Second Geometry
Failure data

Figure C.1: Failure data for the 1 m long tank, presence of a HDPE Liner

For the 1 m cylindrical section Tank, the performance comments are in line with
the previous analyses analyses.
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