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Luis F. Gulfo Hernandez
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Abstract

The transition of the aviation industry towards zero carbon emissions has
been the subject of ongoing research due to the challenges in aeroengine tech-
nology, aircraft level integration and alternative fuel storage. In this context,
hydrogen-powered aircraft show a great potential in terms of mass specific
energy and reduction of emissions (CO2 and NOx), which has triggered at-
tention to lightweight composite hydrogen tanks. However, cryogenic storage
conditions impose major challenges in the design due to high-cycle thermo-
mechanical fatigue and fracture at extremely low temperatures (-253°C), at
which conventional laminated composites are not suitable and therefore heavier
multilayer designs with metallic materials have been employed in the industry.
In recent years, ultra-thin ply composites have shown promising advantages in
terms of mechanical properties and strength compared to conventional compos-
ites. The research problem addressed in this thesis is based on the exploration
and computational modelling of ultra-thin ply composites to evaluate new
lightweight hydrogen tank designs. The research goals include the development,
numerical implementation and validation of constitutive models, failure criteria,
and fatigue life models of thin-ply composites.

In the first paper, a numerical framework for modelling tow-based discon-
tinuous composites (TBDCs) is developed using a multi-scale approach and
computational homogenisation to predict the elastic properties from statistical
volume elements (SVEs). The framework is validated for three TBDC material
systems, i.e. thick, thin, and ultra-thin tow systems.

The second paper exploits the developed models to study the significance
of material design parameters both at tow and plate levels. Specifically, a
parametric study based on this approach has been used to evaluate the impact
of parameters such as the tow modulus, in-plane tow aspect ratio, tow thickness,
plate size, and preferred fibre orientation distributions (FODs). A sensitivity
analysis is performed to compare and quantify the effects. Key findings for
future material optimisation are reported.

Keywords: Discontinuous reinforcement, Tow-based composite, Mesostruc-
tural effects, Mechanical properties, Finite element analysis, Parametric study,
Multiscale modelling, homogenisation.
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CHAPTER 1

Introduction

1.1 Background and Motivation

1.1.1 Aircraft industry and composite hydrogen tanks

The mobility sector is one of the contributors to CO2 emissions, accounting for
around 25% [1]. In particular, the aviation industry contributes between 2-3%
of the global emissions [2]. Yet, the rapidly increasing trends in demand for
all transportation modes is a major concern for emissions forecasts. In recent
years, the aviation industry has been actively striving to make the transition
to zero emissions, largely by regulations. For instance, in 2021, the European
Comission introduced the ReFuelEU initiative urging to gradually implement
sustainable aviation fuels, both in a short time span (2025-2030) and in a long
time span (2050) [3].

In this context, hydrogen has gained special attention, thanks to its high
potential in terms of mass specific energy (approx. 120 MJ/kg, around 3 times
higher than kerosene with 43.2 MJ/kg [4]) with zero carbon emissions and
reduced NOx emissions (-90%) [5]. However, its usage brings a number of
challenges in different areas, including in aeroengine technology, aircraft level
integration, fuel supply infrastructure, production, and storage. The latter is
the main research area of interest for this work, with a particular emphasis in
onboard hydrogen tanks.

The storage of cryogenic liquid hydrogen (LH2) in tanks is one of the
key technologies for the transition to hydrogen-powered aircraft, where the
main benefits include an increase in the hydrogen density and the use of low
operating pressures (1-2 bar), when compared to compressed gas hydrogen
(GH2) (350-750 bar) [6]. Yet, it imposes several challenges for the design [7]:

• Safe storage is required under cryogenic conditions, with a temperature
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CHAPTER 1. INTRODUCTION

of around -253 °C and an operating pressure of 2 bar (testing pressure
cycles may go up to 7-10 bar [8]), which induces a high number of thermo-
mechanical cycles during operation. Certain tank construction materials,
like typical foam insulations/barriers, are prone to cracking and unable
to handle such cycles [4].

• Cryogenic temperature conditions can induce brittleness in structural
materials, which is undesirable due to the possibility of uncontrolled
abrupt failure, and the presence of small cracks or defects that are
difficult to inspect.

• Integration of the cryogenic tanks with other systems involves cold-boxes,
and large amounts of special insulations, increasing the costs.

• Low hydrogen permeability is required to avoid leaks and hydrogen
embrittlement [6], which can worsen cryogenic temperature effects.

• Due to the low volumetric energy density of hydrogen (8.5 MJ/L), com-
pared to that of kerosene (34.9 MJ/L) [4], hydrogen storage demands
large-volume tanks. This, in turn, implies the need to reduce the tank
weight through lightweight materials.

For the above reasons, there is a growing need to develop new tank designs
for implementing hydrogen technology and achieve a rapid transition in the
aviation industry. As such, tools for design, manufacturing, and testing of
hydrogen tanks for aircraft are required. For this purpose, aircraft manufac-
turers such as Airbus, have been focused on developing their ZEROe aircraft
family with hydrogen tanks (Fig. 1.1), for which new composite materials
for tank applications are being researched [9]. Compared to aerospace-grade
aluminium, composite materials have been shown the potential to reduce the
weight of the tank walls by up to 25% [7]. Figure 1.2 shows different tank
configurations and ways of integrating composite materials in their design,
where Type V corresponds to all-composite tanks. In this thesis, the aim is to
explore the application of Tow-Based Discontinuous Composites (TBDCs) in
Type V cryogenic composite hydrogen tanks (e.g. in endcaps design), in order
to reduce their weight.

Figure 1.1: Airbus ZEROe concept [9]. Hydrogen tanks are shown in yellow.

4



1.1. BACKGROUND AND MOTIVATION

Figure 1.2: Classification of hydrogen tanks [10].

1.1.2 Tow-based discontinuous composites

Tow-Based Discontinuous Composite (TBDC) is a class of materials that has
recently shown great potential for high-performance structural applications
[11]. Its manufacturing process generally involves three steps. First, polymer-
impregnated unidirectional (UD) carbon fibre tows are chopped at specific
design dimensions. Then, a deposition technique is used to randomly lay the
tows to form the TBDC plate. Finally, the plate is consolidated by compression
moulding. Figure 1.3 shows a real TBDC plate from a top view, where tows
can be observed in different orientations.

As a result of the manufacturing process, TBDCs have been demonstrated
to exhibit the following characteristics: (1) a quasi-isotropic response in the
plane; (2) high specific stiffness and strength [12], comparable to metallic
materials; (3) high fatigue strength [13]; and (4) damage-tolerance [14]. In
addition, the manufacturing allows reducing the scrap material, thereby their
costs. The combination of these features shows the potential of applying
TBDCs in composite hydrogen tanks.

TBDC plate

UD tows

Figure 1.3: Top view of a real TBDC plate manufactured with ultra-thin tows.

From a practical point of view, there are a diverse number of TBDC material
systems, which showcase different behaviours and properties that need to be
considered. For the purpose of this work, these may be broadly classified based
on the tow thickness, which can be thick (≈ 0.3 mm), thin (≈ 0.15 mm ), or
ultra-thin (≈ 0.02 mm). In particular, the latter have shown a considerably
larger stiffness and strength, competing with laminated composites [11], which
expands the design space and applications of TBDCs.
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CHAPTER 1. INTRODUCTION

Compared with conventional tows, ultra-thin tows are manufactured using
spread tow technology [15]. TBDCs with ultra-thin spread tows have been
developed more recently, and launched into the market in 2024. A comparison
between conventional tows and ultra-thin spread tows is presented in Fig. 1.4.
However, having different tow systems in turn brings challenges in modelling
and design, since their microstructures are different, as observed in Fig. 1.5.
These challenges include the uneven surface of the material, tow waviness,
tow draping, presence of resin pockets, random fibre orientation distributions
(FOD), among others.

A major goal in this thesis involves the modelling of ultra-thin tow TBDCs
with the aim of predicting their elastic properties.

Figure 1.4: Ultra-thin spread tows versus conventional tows [16].

Thick TBDC Ultra-thin TBDC

Uneven 

surface

Tow waviness 

and draping 

Resin pockets

Figure 1.5: Microscopy showing the microstructural features of different TBDC
systems. Thick tow system (left, from [17]) and ultra-thin tow system (right).

1.1.3 Computational tools for modelling and design

Overall, this research project focuses on the development of computational
tools for the modelling and design of cryogenic hydrogen tanks with (ultra)
thin-ply composites. Aspects addressed in this thesis and related to these
numerical tools are discussed next.

The modelling of composite materials with complex microstructures usually
requires consideration of parameters at different scales. Figure 1.6 shows the
physical scales of interest for TBDC materials. In this case, the microscale
corresponds to the level of the unidirectional carbon fibre tows, the mesoscale
to the TBDC material consisting of several randomly oriented tows, and the
macroscale to the final moulded part (application). Figure 1.7 compares
the different scales used for modelling and experimental testing. The great
advantage of incorporating validated multiscale modelling in the design of
composite structures (e.g. composite tanks) is that it is possible to accelerate
the certification of aircraft components by reducing the number of required
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tests, which in the aviation industry follows the (experimental) building block
approach with high associated costs [18].

Microscale Mesoscale Macroscale

Random distribution of tapes Moulded partUnidirectional carbon
fibre tape

Figure 1.6: Multiscale characteristics of TBDCs, and potential application in
composite hydrogen tank design (e.g. endcaps).

Figure 1.7: Multiscale approach for modelling TBDCs.

For structural applications, the mesoscale and macroscale behaviours of
TBDCs are of special interest. Different modelling approaches have been
explored in the literature to predict the stiffness and strength of TBDCs at
the macroscale. Figure 1.8 illustrates two common approaches, where the
first consists of representing the TBDC as an equivalent laminate (EL) with a
quasi-isotropic response [17], while the second consists of detailed 3D modelling
of the mesoscale. An important part of this thesis has been to evaluate the
performance of different models, compare their stiffness predictions, identify
limitations and advantages.

1.2 Scope of Research

The aim of this research project is to develop efficient computational methods
that can be used to design cryogenic composite hydrogen tanks for aircraft
applications. The project activities are devoted to the development, numerical
implementation and validation of constitutive models, failure criteria, and
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CHAPTER 1. INTRODUCTION

Equivalent laminate Detailed 3D mesoscale models

Figure 1.8: Typical modelling approaches for TBDCs. Equivalent laminate
(left, from [17]), compared to a detailed mesoscale model from this study (right).

fatigue life models of thin-ply composites made from very thin carbon fibre
reinforced polymer tows. Special considerations for the project include high
thermal stresses due to extreme low temperatures, and fatigue tolerant designs.
The objectives of the first stage of the project, as described in this thesis, have
focused on the following (illustrated in Fig. 1.9):

• To develop a numerical framework for modelling TBDCs, considering
their mesostructure, the morphology of the tows, and their properties.

• To identify and understand important material parameters required to
model TBDCs (i.e. input parameters), and how they affect the mechanical
behaviour.

• To implement the numerical frameworks to model TBDCs including thick,
thin, and ultra-thin tow systems.

• To incorporate the material models into finite element simulations in
order to predict the macroscale elastic behaviour.

• To validate the numerical models for stiffness predictions using available
experimental data from the literature, and from experimental campaigns
carried out in collaboration with the project.

• To understand and identify the important model parameters for the
adequate prediction of the (elastic) mechanical behaviour of TBDCs.

• To quantify the effect and sensitivity of the model parameters on the
stiffness response with the aim of finding and exploiting opportunities to
optimise TBDC architecture designs.

Model
thick, thin, 
and ultra-
thin cases

Incorporate in 
simulations

(e.g. predict 
elastic 

properties)

Compare 
with

existing 
experiment

al data

Parametric 
study

2 3 41

Develop a 3D 

mesostructure 

generator

Experimental 

analysis and 

considerations

5

Figure 1.9: Research objectives of the first stage.
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CHAPTER 2

Summary of Included Papers

2.1 Paper A: 3D voxel-based mesostructure gen-
erator for FE modelling of TBDC

In Paper A, a novel voxel-based numerical framework for the modelling
of TBDC mesostructures is presented. The framework employs a modified
3D random sequential absorption (RSA) technique to generate statistical
volume elements (SVEs) of TBDCs, and integrates it into finite element (FE)
simulations for the computational homogenisation of elastic properties. The
generation methodology involves realistic 3D mesostructural features such as
tow draping, plate thickness variations, resin pockets, and fibre orientation
distributions. To incorporate these aspects into the modelling, input parameters
are extracted from available experimental data, especially for ultra-thin tow
cases. For that purpose, microscopic image analysis and fibre volume fraction
measurements are conducted.

The capabilities of the methodology are demonstrated and validated for
three material systems, including thick, thin, and ultra-thin tows. The obtained
results are in good agreement with the reported values in the literature for both
the elastic properties as well as morphological parameters (out-of-plane angle
distributions).Through the statistical approach, it was possible to investigate
the convergence and variability of the properties. By assessing the effect of the
SVE size, strategies to reduce computational costs are also explored. Finally,
the numerical results are compared with another simplified method, i.e. classic
laminate theory (CLT) applied to a quasi-isotropic laminate, referred to as
equivalent laminate (EL).
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2.2 Paper B: Parametric study on mesostruc-
tures and stiffness of TBDC

Understanding how the material design parameters affect the different TBDC
material systems remains an open question in literature, especially considering
the extensive design space. In Paper B, the voxel-based FE mesostructure
generator is exploited via a parametric study to investigate the effects of key
parameters at the tow and plate level on the homogenised stiffness properties
of TBDCs. The current literature is studied to identify realistic ranges for
the different parameters of the model. Furthermore, to evaluate a more
comprehensive design space, three baselines are studied in parallel, including
thick, thin, and ultra-thin tow systems, for which the mesostructure generator
was validated in Paper A.

The main goal is to identify opportunities to tailor the stiffness properties as
a function of the specific material system under consideration. For this purpose,
the parametric study comprises the following scenarios: (i) the effect of the tow
longitudinal modulus, up to ultra-high modulus; (ii) the effect of tow thickness
on out-of-plane fibre orientation distributions; (iii) the effect of in-plane tow
aspect ratio; (iv) the effect of plate size, both through the thickness and in the
plane, with special consideration of thin plates and limitations on the quasi-
isotropic response; and (v) the effect of preferred in-plane fibre orientations
and the induced anisotropic response. A sensitivity analysis is performed to
directly compare and quantify the effects of different parameters. The results
show opportunities for optimising the stiffness of TBDCs, as well as design
considerations for critical dimensions to achieve quasi-isotropy.
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CHAPTER 3

Concluding Remarks and Future Work

The current work has addressed the modelling of tow-based discontinuous com-
posites (TBDCs) for the prediction of elastic properties. Paper A focused on
developing, implementing, and validating the methodology for different material
systems (thick, thin, and ultra-thin). Key findings include the following:

• The proposed voxel-based FE mesostructure generator captures realistic
3D mesostructural features of TBDCs, as volume fraction of resin pockets,
and in-plane and out-of-plane tow distributions.

• Tow draping and volume fraction of resin pockets are key model para-
meters.

• Stiffness predictions via computational homogenisation agree with exper-
iments.

• Statistical studies allow the assessment of optimal sizing of SVEs. Con-
vergence of elastic properties is affected by randomness of mean tow
angles.

In Paper B, the proposed voxel-based FE mesostructure generator is
exploited to investigate the effect of important tow and plate parameters. The
results of the sensitivity analysis show opportunities to enhance and tailor the
elastic properties of the TBDCs, as follows:

• Ultra-thin, ultra-strong (high-modulus) tows have the potential to double
the stiffness of the TBDC plate.

• Attaining lower tow thicknesses can reduce the crimps and out-of-plane
angles, leading to elastic properties with less variability.
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CHAPTER 3. CONCLUDING REMARKS AND FUTURE WORK

• Controlling the mould charge during compression moulding has the
potential to double the stiffness in the preferred direction with respect to
the other directions.

• A critical minimum thickness (≈ 4 tows through the thickness) limits
the quasi-isotropic response, but it is also associated with a potential
knockdown of the properties.

• A critical minimum in-plane size (≈ 3 x tow length) limits the quasi-
isotropic response, due to the variability of the mechanical properties.

The second part of the thesis will seek to extend the numerical frameworks
to address the strength prediction of TBDCs. Finally, the aim is to apply
these computational tools to the design of cryogenic hydrogen tanks for aircraft
applications. Specifically, future work in the following stages of the research
project will involve:

• Extension of the numerical framework to incorporate static failure mech-
anisms, such as tow pull-out and tow fracture.

• Extension of the numerical framework to incorporate (thermomechanical)
fatigue life models.

• Exploration of damage-tolerant designs.

• Development of computational methods to design composite hydrogen
tanks for aircraft, based on the previous material models.
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