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Abstract

The current work is the result of a doctoral activity conducted at the Leonardo
Innovation Hub & Intellectual Property, specifically at the Advanced Power & Energy
Systems R&D unit, during which Model-Based Systems Engineering (MBSE) has
been applied to the design of a hydrogen storage and distribution system (H,SDSys)
for airborne applications. The purpose of the analysis was derived from Leonardo’s
need to investigate hydrogen-powered aircraft, while the MBSE is a must for the
aerospace sector and for the company.

Thus, a conceptual design path for applying the MBSE has been described and
initially applied to unmanned aerial vehicles (UAVs) through requirements and
functional analyses. Then, a hydrogen tank parametric sizing model has been
described and applied to two use cases to assess the feasibility of retrofitting two
UAVs. Then, the MBSE design path has been newly applied at a deeper level of
detail to design the H,SDSys. Specifically, a set of requirements has been written for
this system, the functional analysis has been applied, and a functional architecture
has been created. Finally, the dynamic analysis has been conducted on the complete
hydrogen storage and distribution system.

The contributions of the work conducted are both methodological, referring to the
application of the MBSE, and technical, concerning the design of the H,SDSys.
Indeed, the implementation of the MBSE to an industrial product, such as the
UAY, allowed the identification of both the obstacles and the advantages of such
methodology, while in the design of the hydrogen storage and distribution system, the
MBSE approach allowed for drawing both qualitative and quantitative conclusions
for a straight finalisation of the H,SDSys architecture. Conversely, the static analysis
revealed that, for the same amount of energy stored onboard, the retrofitting of the
two UAVs analysed could not be performed due to volume constraints. However, the
high gravimetric and volumetric indexes of the liquid hydrogen tank obtained through

the parametric design model, which, depending on the insulating material used, range
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between 40% and 60% and between 60% and 70%, respectively, encouraged further
investigation. Thus, the dynamic analysis has been conducted, leading to the final
configuration of the HoSDSys. The system demonstrated satisfactory performance,
covering the entire flight mission without the need to evacuate hydrogen due to
boil-off, consuming a relatively low amount of electric power during operation,
efficiently conditioning hydrogen, and maintaining dormancy for more than 7 hours.
Viewed holistically, the main contributions of this thesis include the application of
the MBSE and the analyses conducted for the HySDSys design. Furthermore, as
the thesis unfolds, the practical correlations between these two aspects gradually
become appreciable.
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Chapter 1

Introduction

1.1 Technical domain

The doctoral activity conducted covers two main domains: enabling technologies for
hydrogen storage in aviation and Model-Based Systems Engineering (MBSE) for
aircraft design.

The design of the hydrogen storage and distribution system represents a spe-
cific issue within the energy transition process that is gradually spreading across all
industrial sectors, pushing the development of enabling technologies that enhance
sustainable development. Among the several challenges characterising different
domains, the high performance and the stringent requirements typical of the aviation
sector pose significant obstacles to the design of the new generation of aircraft. The
need for replacing fossil fuels with sustainable solutions for storing energy onboard
leads to hydrogen as one of the most promising candidates, due to its high specific
energy (120 MJIkg™') and the potential for nearly zero carbon emissions when pro-
duced from renewable sources [1, 2, 3, 4].

However, the inherently low density of hydrogen at environmental temperature,
corresponding to 0.081 kgm 3, 25.86kgm >, and 47.44 kgm 3 at bar, 350 bar, and
700 bar, respectively, stands in contrast with the limited volumes available onboard.
For this reason, hydrogen must be stored under cryogenic conditions, at approx-
imately 20 K, which requires lightweight yet mechanically robust tanks, suitable
materials with proper structural and chemical properties, and effective insulation sys-

tems capable of minimising boil-off losses while ensuring safety [S]. Moreover, the



2 Introduction

design process of the hydrogen storage and distribution system (H,SDSys) includes
the identification of the most suitable solution, which, in turn, depends on various
aspects such as the operational context, the duration of the filling and emptying
phases, and the required storage capacity. Thus, the identification of an aircraft class
to be used as a case study to conduct the analysis becomes mandatory. Considering
the safety issues related to the presence of a human onboard, i.e. the pilot, and the ad-
vantages in terms of volumetric and gravimetric efficiencies of storing large amounts
of hydrogen, long-endurance unmanned aerial vehicles (UAVs) have been selected as
a potential application for hybrid-electric power-trains due to the missions they have
to accomplish, which include continuous remotely piloted or autonomous flights
lasting several hours, and thus requiring large amounts of fuel. Moreover, given the
multiple purposes UAVs can serve, such as environmental monitoring, search and
rescue operations in emergency scenarios, and the rapid delivery of medical supplies,
the market is expected to grow in the coming years.

Nevertheless, the design of UAVs is characterised by a high degree of complexity,

which is even increased by the introduction of innovative technologies such as
the H,SDSys. To manage risk and realise a successful system, the application of a
proper methodology became mandatory. Systems Engineering (SE) and, in particular,
MBSE are used to address this issue. SE is a well-established discipline, especially
in specific industrial sectors such as aerospace and aviation. It includes a dedicated
language, namely the Systems Modelling Language (SysML), as well as suitable
processes and tools, which together constitute the three pillars of SE. The MBSE
is indeed a methodology for applying SE through digital models (Model-Based),
developed in SysML with dedicated tools [6].
However, the shift towards Model-Based Systems Engineering is yet to be assessed.
From a theoretical perspective, several publications in the literature cover topics such
as the Systems Modelling Language, examples and guidance for implementation,
frameworks for applying Systems Engineering in specific domains, and assessed
standards defining principles, concepts, and processes. Nevertheless, the practical
shift towards MBSE represents a significant paradigm change, which encounters
obstacles of a different nature, such as stakeholder resistance to change and the
limited capabilities of the modelling tools.

Overall, the design of new systems involves risks associated with uncertainties,
which can be associated, for example, with their behaviour in operational scenarios

and their actual realisation. In this context, MBSE can be a suitable methodology
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for managing risk, thereby increasing the probability of success. Throughout this
work, the practical implications encountered while applying this methodology for
the design of the HySDSys will be highlighted.

1.2 Research needs and industrial context

The author carried out his doctoral activity at intersection between industry and
academia, being both a member of the Industrial Systems Engineering and Design
(ISED) research group of the Department of Mechanical and Aerospace Engineering
(DIMEAS) at Politecnico di Torino, and a member of the Advanced Power and
Energy Systems (APES) R&D unit of the Leonardo Innovation Hub & Intellectual
Property, at Leonardo S.p.A.. This dual affiliation allowed the candidate to benefit
from both perspectives and to align the research direction with the methodological
and scientific needs of academia, while developing a product and a robust framework

that can be implemented on the platforms currently used by the company.

As a starting point, the needs identified by Leonardo can be summarised as
follows:

* A state-of-the-art analysis of the current and previously applied technology to
store and distribute hydrogen on board.

* The application of MBSE to show the advantages and limitations of MBSE
through its practical application.

* The preliminary design of the H,SDSys, including its functions and its archi-

tecture, a parametric analysis, and a simulation of its dynamic behaviour.

* The development of digital tools for creating numerical models of the aircraft
systems, being compatible with the tools selected by the company.

* Coordinate modelling activities through parameter alignment across team

members, enabling the integration of several models.

* Conduct the design taking into account that experimental activities are foreseen

in the short to medium term.
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1.3 Scope

The scope of this research activity is to apply the MBSE to the design of hydrogen
storage and distribution systems for UAV applications. The research combines
systems engineering practices, with particular emphasis on MBSE, and domain-
specific knowledge of hydrogen technologies. The current work aims to apply
MBSE to perform the preliminary design of a hydrogen storage and distribution
system, supporting the development of sustainable aviation technologies.

In practice, the objectives of the current study can be grouped into methodological
and technical aspects, both contributing to satisfying the needs of the customer. The
application of Model-Based Systems Engineering aims to identify the advantages of
this approach, to identify the issues that should be addressed, and those for which
MBSE can be suitable, the advantages of applying MBSE from the perspective of
the company, and the results obtained through its application.

In contrast, the need for sustainable technologies requires investigating technical
aspects related to the hydrogen storage and distribution system. Determining the
technical feasibility of the solution, its main characteristics and properties, its be-
haviour during operation, and the possibility of integrating the system onboard have
to be investigated.

Overall, the objectives of the current analysis can be articulated into two levels:
a methodological one, consisting of the application of the MBSE to a real system
to assess its potential, and a practical one, including the design of the H,SDSys for
aviation. Thus, in the following, the MBSE will be applied to design the H,SDSys,
aiming at satisfying both the purpose of this work.

1.4 Thesis outline

An outline of the following chapters of the thesis has been provided to help the reader
navigate through the study.

Chapter 2 proposes a comprehensive introduction to SE and MBSE to provide
the elements necessary to understand the following analysis, introducing systems
concepts, the modelling language, the methodology, and the tool. In addition, part of
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the chapter has been elaborated to show the future of SE, which is now represented
by the paradigm shift introduced by the new version of the modelling language, and
to provide quantitative advantages retrieved from previous applications of SE and

MBSE in industrial contexts.

Chapter 3 describes the unmanned aerial vehicles, their classification, and their
applications. Subsequently, it focuses on two UAV classes, high-altitude long-
endurance and medium-altitude long-endurance UAV's, which have been identified as
suitable candidates to be used as test cases for the application of the hydrogen storage
and distribution system. Then, considerations are delineated, analysing the sets of
data retrieved from the literature. The MQ-1 Predator UAV by General Atomics and
the RQ-4 Global Hawk UAV by Northrop Grumman are the selected and described

for the subsequent analysis.

Chapter 4 provides a comprehensive historical description of the use of hydrogen
in aviation. Then the focus is shifted towards a comparison between hydrogen and
other storage technologies to understand the reason why hydrogen can represent the
most promising solution to decarbonise aviation. The methods of storing hydrogen
are described, focusing on the so-called physical-based methods, encompassing
those technologies where hydrogen is stored as a fuel inside a containment volume.
These include compressed, cryogenically compressed, and liquid hydrogen storage
tanks. A description of the several design aspects is provided, drawing attention
to compressed and liquid hydrogen storage, which are characterised by higher

technological maturity.

Chapter 5 represents the core of the analysis, in which the tool, i.e., the MBSE,
is applied to design the product, i.e., the hydrogen-powered UAV, focusing on the
H,SDSys.

A brief introduction about the advantages of applying SE to the design of UAVs
is proposed. Then, the theoretical path for applying MBSE, namely the MBSE
conceptual design path, is described. Then, the customer’s needs are analysed,
followed by the requirements and functional analyses applied to a specific use case
of the UAV with the aim of creating a thread linking the customer’s needs, i.e., the
very first design phase, to the analysis of the hydrogen storage and distribution system.
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Before proceeding with this analysis, the tank parametric sizing model is presented
and applied to the two use cases previously mentioned to assess the potential for
retrofitting, which resulted in unfeasibility, thus addressing the subsequent design
steps towards a completely new aircraft configuration. Due to limited time available,
MBSE has been applied only to the Predator UAV use case. The requirements and
functional analyses have been carried out. The functional architecture has been
created and translated into a logical one. Finally, dynamic simulations have been

conducted, and the outputs have been analysed.

Chapter 6 draws the conclusion of the current work, highlighting both method-
ological and purely technical aspects, emphasising all the results and contributions
provided by this work, also considering its marked practical connotations.



Chapter 2

The design methodology of Systems
Engineering

2.1 Introduction to Systems Engineering

ISO/IEC/IEEE 15288 standard and the Systems Engineering Handbook (|7]) define
Systems Engineering (SE) as:

a transdisciplinary and integrative approach to enable the successful realization,
use, and retirement of engineered systems, using systems principles and concepts,
and scientific, technological, and management methods.

Despite its conciseness, the definition provided is comprehensive, encompassing
several elements worth exploring to gain a clearer view. The transdisciplinarity of
SE makes it suitable to be applied both in technical and managerial domains, such
as software, mechanical, or electrical engineering, as well as to fields related to
quality assurance and project planning [8, 7, 6]. Covering such a wide spectrum of
disciplines, SE encourages a holistic approach that integrates the various entities
and aspects involved. By doing so, communication is improved, and traceability is
ensured. SE can be very helpful in managing risk and reducing the probability of
failure, which in turn leads to achieving its primary objective: realising successful
systems. A life-cycle approach to system design is promoted, including analyses

spanning from the very initial conceptual idea and needs through system realisation,
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use, and retirement. Indeed, the definition reported above refers to an engineered
system [7].

An engineered system is a system designed or adapted to interact with an
anticipated operational environment to achieve one or more intended purposes

while complying with applicable constraints.

The latter definition adds a few important elements to the definition of a system alone,
highlighting interactions with the surrounding environment, emphasising that the
system’s design should take into account additional aspects such as the environment
and the expected operational scenarios, the need to define clear purposes, and the
presence of constraints. All the characteristics of SE are typically expressed through
several concepts and principles, which are formally defined in standards such as the
ISO/IEC/IEEE 15288, and applied through scientific, technological, and management
methods, including practical suggestions, guidelines, and rules of thumb, known
as SE heuristic, which offers easy access to SE knowledge, as well as structured
approaches and frameworks [8, 7, 6, 9]. Moreover, to better clarify the meaning of
the terms stakeholder, customer, and user, throughout the current thesis, a dedicated

description has been added in Appendix A.

2.2 Model-Based Systems Engineering

So far, an introduction describing what SE is, along with its main characteristics, has
been provided. Reminding that SE is an approach, a question should now arise: how
can SE be applied?

There is neither a unique nor a correct answer to his question. However, in the
current analysis, SE will be applied through the use of models of different natures,
thus leveraging the Model-Based Systems Engineering (MBSE) approach, defined
as:

The formalized application of modeling to support system requirements, design,
analysis, verification, and validation activities beginning in the [concept stage] and

continuing throughout development and later life cycle [stages].

A comprehensive theoretical description of MBSE can be found in the literature and
will not be conducted here. However, an introduction to MBSE and to the elements
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and characteristics that will be applied later throughout the analysis is proposed. To
understand what MBSE is about, a comparison with document-based design is often
proposed. Indeed, one of the main changes with respect to traditional approaches is
the substitution of documents with models. Shifting to a model-based design involves
transferring all the data and information, such as requirements, results from testing
activities, and stand-alone numerical models, which were written in documents and
papers, into models. In doing so, traceability must be assured throughout the whole
life cycle. In addition, all selected stakeholders must have access to any necessary
information, which must be unique. Thus, the concept of a single source of truth
(SSoT) is introduced. In practice, the single source of truth can be a database, a
shared repository, or the model itself, provided that all system artefacts are stored,
maintained, and accessed in a consistent and traceable manner. MBSE will be applied
using a top-down approach, starting from the macro-system and then decomposing it
into subsystems and components [8, 7, 9].

In practice, to apply MBSE, it is essential to note that MBSE is built upon
SE, serving as an application of SE through models. The tools, methodology, and
language for applying SE through MBSE are referred to as the three pillars, and will
be explored in the following sections. Considering the relevance and the large amount
of data that has to be managed to properly apply MBSE, the data management can
be added as a fourth pillar [6].

2.2.1 Methodology

From a conceptual perspective, defining the methodology involves answering two
questions: what the design steps are, i.e., the process, and how they should be
followed, i.e., the method [6]. In this sense, various methodologies exist, including
the IBM Telelogic Harmony-SE, the INCOSE Object-Oriented Systems Engineering
Method (OOSEM), the Rational Unified Process® (RUP®), the Vitech Model-Based
System Engineering, the JPL State Analysis (SA), the Dassault MagicGrid, and
several others [10]. As previously mentioned, the choice of a particular methodology
can be based on several factors, or it may even be constrained by the company
or the industrial application. In the current analysis, the V life cycle model has
been selected, and a top-down approach will be followed. The Systems Modelling
Language (SysML) will be utilised and described in the next section, while a black-
box/white-box approach will be applied at each granularity level. This "SysML-
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Based V-Model" MBSE methodology has been selected mainly due to industrial
constraints, compliance with SE standards like the ISO/IEC/IEEE 15288 and with
regulatory frameworks, ease of integration with and transition from traditional

engineering processes in the aerospace field, and broad support from tools [6].

The V-model, as reported in Figure 2.1, describes the system life cycle, starting
from the customer’s need (top-left corner) and ending with system disposal (top-right
corner). The actions to be performed are written in blue, and their sequence can be
identified following the left branch of the V from top to bottom, and then moving
upward along the right-hand branch (red arrows in Fig. 2.1). Indeed, requirements
analysis, conceptual design, preliminary design, design synthesis, and testing and
integration are the actions commonly followed during the design of a product.
Moreover, proceeding along the same direction, the system granularity increases
from system to subsystem and component levels. This particular V-model is designed
to emphasise that interactions between stakeholders should be promoted throughout
the entire life-cycle design, at any level of detail, as indicated by the horizontal arrows
linking the left and right branches of the V. The last elements worth explaining are
the yellow circular arrows that recur at any life-cycle stage, pointing out the recursive
nature of the various phases. For instance, the requirements analysis is reported
only once at the beginning of the diagram. However, requirements are continuously
elicited for any system sub-system and components [7, 6, 9].

As can be inferred from the provided description of the V-model, selecting a specific
methodology does not strongly constrain the design that will be performed. However,

it can still be useful to have a baseline to follow.

2.2.2 Language

In the past, SE engineering was applied heavily, relying on documents, and informa-
tion was mainly written in natural language in reports or documents, or accompanied
by diagrams drawn without following specific rules, thus generating ambiguity,
inconsistency, missing or scattered information, and a lack of traceability. These
issues could easily get unmanageable, especially in large international companies
where face-to-face dialogues are unfeasible and even the languages spoken become
a barrier. The System Modelling Language brought a relevant paradigm change,
introducing a series of diagrams, derived from the Unified Modelling Language
(UML), that allow for the exchange of data through a shared language, facilitate
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Component

Component level Component level

Design synthesis Component testing

Fig. 2.1 System Engineering life-cycle V-model [6].

traceability, express information in a graphical form, and can be easily understood
even by non-experts. Moreover, being explicitly tailored for SE, they are particularly
suitable for describing the behaviour and structure of the system throughout the life
cycle stages. They can be chained through allocation, are complementary, and can
be reused or modified to deal with variants [11, 6, 9, 12].

Formally, SysML is expressed through nine diagrams classified into three groups
(Fig. 2.2). As their names suggest, the behaviour diagrams describe the behaviour of
the system, the requirement diagram collects all the requirements, and the structure
diagrams describe the structures and architectures of the system. A description of
each diagram is provided below. However, a better understanding of their usage will
also be depicted when they are applied to the system under analysis in the following
chapters.

Requirement diagram

Starting from the analysis of customers’ needs, which must be translated into techni-
cal requirements, to the disposal phase, requirements have always been of paramount
relevance, playing a key role in both engineering design and the formalisation of
collaborations through legal contracts. In the requirements diagram (RD), all the

requirements are collected and organised according to the established hierarchy. A
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Fig. 2.2 Systems Modeling Language (SysML) diagrams taxonomy [13].

proper use of the RD ensures traceability covering the entire system life cycle, as
well as the link to other views or elements. This is achieved by leveraging a set of

predefined relationships: satisty, verify, refine, derive, and trace.

Two examples of requirements diagrams have been reported in Figure 2.3 and
Figure 2.4. Figure 2.3 shows a typical RD where the requirement elements, which
are the frames containing the requirements, include the requirement in textual form,
the requirement ID, and, eventually, the information describing the where the require-
ment was derived from (derived), how it is verified (verify), which are the elements
providing further information to better describe it or deepening it (refine), how is
is satisfied (satisfy), and, even if it is not shown, the element where to trace back
the requirement (frace). These relationships can be contained in a unique box, as
it is for the "All weather operation" requirement, or linked to external elements, as
it is for the "Sensor Decision" requirement that is satisfied by the block "Camera".
Also, the shapes of the connections between elements have a meaning. The line
with a circle containing a cross that is linking the higher-level "Operating Environ-
ment" requirement to the two requirements below is a containment relation, meaning
that the "All Weather Operation" and the "24/7 Operation" are contained inside the

"Operating Environment" that, apart from being a requirements, it serves as a sot of
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requirements container. This is done to organise requirements and define a hierarchy.
The same information can be depicted from the requirements’ IDs. Indeed, the
high-level requirement ID is "S1", while those at a lower level are "S1.1" and "S1.2".

However, the requirements diagram can also have a different structure (Fig. 2.4), es-

req [Package] Requirements | Example Requirements Diagramu

«requirement»
Operating Environment

ld="81"
Text = "The system shall be capable of detecting intruders 24 hours per day, 7 days per week, under all weather conditions. *
«requirementy

All Weather Operation

_ g4 qn arequirement»
lo="S11 24/7 Operation

Text = "The system shall be capable of detecting intruders under all weather
conditions. " ld="51.2"

Text = "The system shall be capable of detecting intruders 24
hours per day, 7 days per week. "

derived
«requirement» Sensor Decision

verifiedBy
«interaction» Water Spray Test Ki
7/
refinedBy y
«useCase» Detection Scenario ’
i /s
«stateMachine» WeatherModel «deriveReqty
v ’ satisfies
N\ ’ wrequirement» Sensor Decision
wderiveRegt» / T
N Vs |
derivedFrom «requirement» 1
arequirementy All Weather Operation | Sensor Decision _usalistyr | ablock»
«requirement» 24/7 Operation 1d="D1" Camera
satisfiedBy Text = "The system shall use cameras to detect infruders. "
«block» Camera

Fig. 2.3 Example of a general requirements diagram [12].

pecially when the model becomes large, making the use of a unique RD impractical,
or when the design needs to focus on specific aspects without losing sight of the big
picture. In this case, a more precise description of the "Start the process" use case
is provided through a series of refine relationships which support the design during
this specific use case, where it can be assumed that some users are involved and a
particular procedure should be respected. Applying an analogous approach to all use
cases, the system’s description will be detailed for every scenario and application,
ensuring a more manageable system design [6, 12].
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Fig. 2.4 Example of a requirements diagram [14].
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Activity diagram

The activity diagram (AD) (Fig. 2.5) describes a sequence of actions emphasising
the sequence and the triggering conditions. The activity starts from the filled dot
(top centre in Fig 2.5). The first action ("lift of the rotor shaft") is performed given
that the shaft is not unlocked ("[Shaft!=UNLOCKED]" condition). Then a fork is
used to branch the activity into three series of parallel paths that must be conducted
concurrently. The outputs of each action are compared to a reference value through
a decision node, performing a check. Once all three tasks are performed and the
decision nodes have been passed, the shaft starts rotating, the double concentric

circle symbol is reached, and the activity is completed [6, 12].

@ . . )
Activity1

[Shaf ==UNLOCKED] ?

_________________ Lift off the rotor shaft ACTION / TASK

PATH

\
Measure the temperature Meaasure the
inside the supports I/ > rotor spin speed
1
(T>=Tim) I [SpinSpeed =I0]
1
_______ K \ ———— —
[Shaft={UNLOCKED] (T<Tim) ﬁ /]

series

Check the rotor
shaft status

——_————

Shaft rotating

Fig. 2.5 SysML activity diagram [6].

Sequence diagram

In the sequence diagram (SD), the exchange of actions and messages between actors
is described as a function of time. The diagram in Figure 2.6 describes the events

applied in achieving the use case "Require suspension and rotation" (top-left in
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the image), the stakeholders involved, which are each assigned to a vertical line,
the ordered list of actions describing the use case (first column) that are performed
according to the red "time" line. Even a frontier is present, highlighting the system’s
boundary. The horizontal arrows linking the vertical dashed lines of each stakeholder
are also referred to as swim lanes because they should be followed moving back and
forth according to the direction indicated by the arrowhead. So, the SD in Figure 2.6
should be read starting from the first action "Check the rotor" that is sent by the
actor "Monitoring and emergency system" to the system, which sends back "Rotor
info". The sequence then continues until the last event. Typically, swim lanes are
represented by solid lines when they refer to an action, while dashed lines are used

to describe an exchange of information, such as a message or feedback [6, 12].

Actor / Stakeholder

Use case
Require suspension and rotationl @i @n @r_ Frontier SVStem
Description The plant platform| Monitoring and emergency system [The rod G
[re pnt pory | | . | [eed ey
Check the rotor : | : | ﬁl
|
Rotor info 1 Eﬂ """""" 1T T ""I""I
Rod detection : : : : i
Rod info w ! E]q """""" LS S ""I'"'I‘
Active control E tﬂ """""" R = P T :"" "'"':'""l
Conwert motion = ! Event / Action | Eﬂ- R N .i
1 1 |
1 | I | !
| I | ] !
1 1 | 1 :
I I | | !
- 1
R
\ 4

Fig. 2.6 SysML sequence diagram [6].

State machine diagram

The state machine diagram (SMD) is widely used in systems dynamic simulation. As
highlighted in red in Figure 2.7, it describes the dynamics of a system transitioning
from one state to another along a path, due to the occurrence of events. Analogously
to activity diagrams, the starting and end points are represented as solid and half-
empty dots. In the example provided, the initial state is "Rotor at standstill", once
the rotor "levitate" event occurs, the system transitions to the "Rotor lift off" state.
Actually, this includes two sub-states. Once that tuning operation is performed
("/Tuning") and the rotor is calibrated ("Rotor calibrated"), accelerating the rotor

transitions the system to the next state ("Supercritical condition"), and so on. In
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contrast to the diagrams previously described, the SMD highlights the events and
states that the system must go through [6, 12].

State Machine1 )

[Shut down)/

STATE

[Lemtote)/

PATH

il

Rotor lift off STAT

7 Rotor uncalibrated

Caccsemap EVENT

[Dec el amta)/

_J

/Stop feeding

Csupercritical rotation and rod coling STAT E

Fig. 2.7 SysML state machine diagram [6].

Use case diagram

A use-case is a description of the way someone could use a particular product
or system in an effective way [15]. Starting from the definition of the term ’use-
case’, a use-case diagram (UCD) can be defined as a graphical representation of
the interaction between stakeholders and the system, specifically concerning the
system’s usages, i.e., the use cases. In practice, observing the UCD, the actors
involved during a specific system usage can be easily identified. In addition, the use
cases can also be refined or decomposed, assigning links of specific types between
them [6, 12].
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Fig. 2.8 SysML use case diagram [16].

Block definition diagram

The block definition diagram (BDD) (Fig. 2.9) is made of blocks, defining the system
components and relations. It is typically used to show a decomposition of the system
and describe its hierarchy. Moreover, it is also useful as a basis for other diagrams
when the system’s granularity increases. For instance, if the aircraft is the Sol, the
engine will be a subsystem, and this relation will be set through a BDD. However, the
engine will require an extended analysis, including many requirements and diagrams
that can be traced back to the "engine" block, which, in this sense, becomes a sort of

container for the engine lifecycle design artefacts [6, 12].

Internal block diagram

In contrast to the BDD, the internal block diagram (IBD) provides a white-box view
of the system, detailing its internal elements, ports, and connectors. Following the
previous example, to transition from the aircraft’s black-box view to the engine, an

IBD of the aircraft is required, which describes all the aircraft’s internal subsystems
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Fig. 2.9 SysML block definition diagram ([17]).
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and components, including the engine block. Another example can be depicted from
Figure 2.10, where the function "LayingHeadFunction" is explored, and three nested
functions are identified. In addition, the IBD also specifies the flows between blocks,
the connectors, the ports, specifying the direction in which they are meant to be
traversed, as well as the actors involved [6, 12].

{1 {1
ibd [Class]) VTOL_Overall [Broadcasted,Transfered Data] ) I?(I M
Connection | Position
gt : Signal | Signal
[_‘Refervenoe «LogicBlock» «LogicBlock»
- =¥
% External | External Reference Internal
Reference Positioning Positioning
{il [}
External Reference Position Internal Position
External Reference Position Internal Position
{1} L
«LogicBlock»
Position Coordinator
{3} {1}
i iti Prioritized Data
Categorized Data Posn.tllon Connection| Posttion
Categorized Data Position Prioritized Data Signal Signal
4 4 {1} {t
=l L=l U
«LogicBlock»
Communication
I I T {11 (il {i}
Dherna Response Request Screen Broadcasted/Transfered
Data Info D
ata
Intemal R R ; Screen Broadcasted/Transfered
| Data esponse eques ko Data
1= il B, g

Fig. 2.10 SysML internal block diagram [18].

Parametric diagram

As can be seen from Figure 2.11, the parametric diagram (PMD) is a sort of IBD. It
is the only diagram that includes formulas. Indeed, it should be used for preliminary
calculations. However, there are more efficient software tools to perform calculations
at different levels of detail, thus making PMDs impractical and poorly adopted [6,
12].
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Fig. 2.11 SysML parametric diagram [19].
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Package diagram

The package diagram is used to organise all the elements of the analysis into packages
to structure large models and facilitate the reuse of artefacts. At first sight, looking at
Figure 2.12, it might simply look like a sort of structured digital archive to be used
in SE. However, it is fundamental to design a proper package structure because it
resembles a top-level definition of the methodology to be implemented, apart from
helping the engineers in separating the different layers and domains, and it can even
mirror the internal organisation of the company, facilitating the integration among

the design activities of different teams [6, 12].

pkg [Model] Model![ Package Diagram ])
Model A
[ |
Requirements Structure Behavior
| 1
Activity Use Case

Fig. 2.12 SysML package diagram [20].

2.2.3 Tools

The tools commonly used can be classified into two main categories: theoretical tools
and software tools. The former includes methodologies, guidelines, diagrams, and,
in general, practical tools that help put the SE body of knowledge into practice [6].
The latter includes several software tools useful in different design phases. IBM
Doors and Polarion are commonly used for requirements management, while IBM
Rhapsody and Dassault No Magic (formerly Cameo System Modeler) are examples

of software used for system modelling and architecture. Software used for simulation
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or CAD, such as ANSYS Fluent or SOLIDWORKS, is typically not included among
those used to apply MBSE. There are many more software programs available
in the market besides the few mentioned here. However, as it will be shown in
the following sections, the introduction of a new version of the System Modeling
Language (SysML v2) is heavily affecting the software tools that have been used
until now [6, 12].

2.3 New frontiers of SE: SysML v2

The next generation of the Systems Modeling Language, namely SysML v2, has
been officially published in September 2025 as the result of years of development and
collaboration between INCOSE and the Object Management Group (OMG) [21, 22].
Suitable standards and guidebooks are still under development, while the software
tools implementing this new language have been released in beta versions. The
version of the System Modelling Language used until now, SysML v1, was based on
graphical elements derived from the UML that allow the drawing of the diagrams
described above (Sec. 2.2.2). However, the diagrams generated, which are essentially
images, can hardly be integrated with other software. A relevant paradigm shift is
introduced with SysML v2, which is built as a coding language on top of what can be
seen as the root language, the Kernel Modelling Language (KerML). However, this
does not imply that the systems engineers who used to build SysML v1 diagrams will
now need to code, because the new language can be used at different levels. This can
be better depicted from Figure 2.13. The KerML is the foundation level os SysML v2,
typically only software developers operate at that level to create new digital solutions.
Systems engineers should be capable of operating at both the SysML and software
tool levels, even if their previous experience can be directly applied to draw SysML
diagrams using updated software tools, thus making the SysML v2 coding skills not
strictly required. The advantages offered by SysML v2 will remain available, while
many others are introduced. One of the leading innovations introduced is the SysML
v2 application programming interface (API). In practice, the API is a tool enabling
communication and data exchange among different software. Thus, the SysML v2
API should drastically enhance the interoperability of the language, allowing links
between all the software used throughout the life cycle design. This enables a more

agile and rigorous approach through the use of integrated software, resulting in a
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sort of digital design environment. Moreover, SysML v2 should enable more robust
and flexible visualisations supporting the design and integration throughout all the
life cycle phases [21, 22].

2.3.1 SysML vl to v2 transition

The novelties introduced by SysML v2 are accompanied by significant changes that
extend beyond the language itself. It is essential to remember that MBSE is built on
three main pillars that must be taken into account. Moreover, in the so-called SysML

vl to v2 transition, a fourth important actor should be considered: people.

To better understand the magnitude of the transition, it can be helpful to divide it
into two parts. The first focuses on technical aspects, while the second shows the

approach to the transition at the managerial level.

From a technical point of view, the diagrams described in the previous section
(Sec. 2.2.2) are conceptually unchanged. Variations in properties and attributes can
be found in the literature. In the current study, changes in terminology have been
reported to harmonise the following analysis and avoid confusion in the terms used
(Fig. 2.14). Overall, the changes introduced should not considerably influence the

SysML v2 SysML vl
part / part def part property / block
attribute / attribute def value property / value type
port / port def proxy port / interface block
action / action def action / activity
state / state def state / state machine

constraint / constraint def
requirement / requirement def
connection / connection def

constraint property / constraint block
requirement
connector / association block

view / view def view

Fig. 2.14 SysML v1 and v2 terminology comparison [21]

way SysML diagrams have always been drawn. In fact, some aspects have been
simplified, such as the types of ports (flow port, proxy port), which have been reduced
to a single element, "port".
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From a broad perspective, a transition strategy needs to be planned, which can
be implemented through a practical project that engages multiple departments. This
allows pursuing several activities. Concerning the language, the investigation of
SysML v2 can be conducted, real case studies can be examined, and the potential and
obstacles for the integration of SysML v2 into a specific company can be identified.
Meanwhile, a market exploration of the existing tools can be done, and the possibility
of collaborations and partnerships with tool vendors can be explored. In addition,
mapping the tools available on the market helps the company in determining which
software is worth developing and which ones are worth purchasing. Working on a
project involving several departments results in advantages also from the point of
view of the methodology. Indeed, within the same company, different approaches to
applying MBSE often exist, which can also be in conflict. Thus, one of the first steps
will be to assess the SE maturity within the organisation and map the methodologies
adopted. A tool commonly used for this purpose is the Model-Based Enterprise
Capabilities Matrix, but traditional surveys or other means of collecting feedback
can also be very relevant, especially considering that shared consensus is crucial
when relevant changes in the organisation have to be made. From a methodological
perspective, the SysML v1 to v2 transition can be a very precious opportunity to
align various approaches and foster cohesive collaboration across the organisation.
Lastly, the company should carefully consider who must be involved. Once again, to
gain different perspectives and obtain shared consensus, heterogeneous engineers
and departments should collaborate on a common project. Additionally, the costs
associated with training personnel should be considered, along with the number and
roles of the individuals being trained [21, 22].

2.4 Why should industry apply MBSE?

As highlighted in Sec. 2.3.1, properly implementing SE and MBSE in an enterprise is
not trivial. However, looking back at the origin of SE, one can be interested that this
discipline was born and formalised from industrial contexts and, indeed, especially in
sectors like aerospace and defence, specific processes and methodologies commonly
adopted are already applying a SE approach. Several advantages have already been
explored above. Nonetheless, quantifying such benefits from the economic point of

view can be challenging. One of the most popular evidence of the economic advan-
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Fig. 2.15 Reduction in NASA projects’ cost overruns compared to investments on SE [24].

tage of SE is published in the System Engineering Body of Knowledge (SEBoK)
(Fig. 2.15 [24]. The curve reported in Figure 2.15 decreases until a value around
15% when it becomes horizontal. Actually, investing 7% to 12% of the project in SE
and program management activities can avoid cost overruns accounting for 100% of
the project budget. This can be approximately estimated in a return of ten times the
investment [25]. Other studies set the optimal initial investment range in SE between
10% and 15% of the project budget [26].

Further industrial evidence of the benefits of implementing SE, the related tools,
and even transitioning from SE to MBSE has also been published in the litera-
ture. The graph in Figure 2.16 describes the shift that Lockheed Martin performed
transitioning from a document-based to an MBSE approach in the context of the
Submarine Warfare Federated Tactical Systems (SWFTS) Systems Engineering &
Integration (SE&I) program. The data collected refers to the years 2006-2013, even
if major implementations in automation and baseline change request database (BCR),
which could be seen as a sort of unique source of truth, have been made around
2007, the implementation of the requirements management tool (DOORS) dates
back around 2009, while the transition to MBSE occurred in 2011. The yellow
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dashed curve represents the project BCRs, which, as usual in long, complex projects,
increase over time. The blue solid line, on the other hand, refers to the number of
SE full-time equivalents (FTEs). In practical terms, the BCRs correspond to the
workload, while FTEs are a unit of measurement used to describe the workload
assigned to an individual employee. For instance, an FTE equal to one corresponds
to work carried out by one person, typically on a forty-hour-per-week basis. From
an operational standpoint, the curves indicate that a greater workload has been per-
formed with fewer resources. Another is the trend that the FTEs curve assumes right
after the DOOR and MBSE transitions. The increases in FTEs are due to a period of
assessment, during which the changes are gradually implemented and the transition
occurs. Such periods lasted for about one year for DOORS implementations and less
than one year for MBSE transition [27, 28]. Apart from the difficulties in precisely
quantifying the return on investment (ROI) in SE and MBSE, relevant economic
advantages have been highlighted in the current section and can also be retrieved
from the literature [29, 30, 31, 32, 33].



Chapter 3

Unmanned Aerial Vehicles: UAVs

3.1 Introduction

UAVs are pilotless aircraft, meaning there are no humans on board; however, it is
worth providing additional information to establish a proper definition. The term
"Unmanned" can be misleading since UAVs can be remotely operated up to a certain
distance (i.e., range) without needing them to stay in view. Conversely, if any
failure occurs, the UAV shall be able to return to the base autonomously or take
corrective actions. Depending on its degree of automatic intelligence, the system
demonstrates multiple operational capabilities, including real-time transmission of
acquired data, monitoring of flight parameters such as position, velocity, and altitude,
and environmental recognition of surrounding elements [34]. Actually, the capacity
of a UAV to perform its task autonomously can be properly defined as the "degree
of automation", and the more it is automated, the more the onboard computers
take authority over the pilot [35]. In this context, it should be clarified that the
term "autonomy" will be used hereafter to indicate the capability of the UAV to
act without the need for human interaction, and not as the remaining operational
duration, which in the case of UAV is the maximum flight time duration and is

defined as "endurance" [36].

Among the numerous formal definitions presented in the literature, two have
been identified by the authors as comprehensive and complete. The first one defines

an Unmanned Vehicle as:



30 Unmanned Aerial Vehicles: UAVs

A powered vehicle that does not carry a human operator, can be operated
autonomously or remotely, can be expendable or recoverable, and can carry a lethal
or nonlethal payload. Ballistic or semi-ballistic vehicles, cruise missiles, artillery
projectiles, torpedoes, mines, satellites, and unattended sensors (with no form of
propulsion) are not considered unmanned vehicles. Unmanned vehicles are the
primary component of unmanned systems.

U.S. Department of Defense. Office of the Secretary of Defense (2007)

Instead, the UAS has been described by EASA with reference to the elements
composing its architecture:

An Unmanned Aircraft System (UAS) comprises individual system elements
consisting of an “unmanned aircraft”, the “control station” and any other system
elements necessary to enable flight, i.e. “command and control link” and “launch

and recovery elements”. There may be multiple control stations, command &
control links and launch and recovery elements within a UAS.
European Aviation Safety Agency (2009)

The description provided by the U.S. Department of Defence (U.S. DoD) is partic-
ularly interesting because it also delineates what is not a UAV, while the second
clarifies the relationship between the UAS and the UAV [36]. UAVs are utilised
in a wide range of both military and civilian applications. In the past, suitable
applications were identified in the so-called dull, dirty, or dangerous (DDD) roles.
Over time, the applications have expanded to include covert, diplomatic, research,
and other roles [34]. According to the U.S. DoD, UAVs are promising candidates
for missions such as aerial refuelling, electronic warfare, and battle management,
which are typically conducted by crewed aircraft [37]. Research and development
activities, together with civilian industrial applications, are also of great interest.
Companies in the energy, telecommunications, and construction sectors can employ
UAVs for monitoring the structural health of gas pipelines, telecommunications lines,
bridges, and buildings under construction. In the context of research, for example, the
University of Kansas measured the ice thickness at the North Pole using a UAV [38].

The large variety of applications requires different types of UAVs, which can
be subdivided according to various criteria. One of the most common classification
methods for UAVs is that proposed by NATO, which is primarily based on size,
altitude, and endurance capabilities, as reported in Table 3.1.
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Table 3.1 UAV classification according to NATO [39].

Nominal Normal
Class Category operating mission
altitude radius
Small >20 kg Up to 5,000 ft AGL 50 km (LOS)
Class I (<150 kg) Mini 2-20 kg Up to 3,000 ft AGL 25 km (LOS)
Micro <2 kg  Up to 200 ft AGL 5 km (LOS)
Class II (150-600 kg) Tactical Up to 10,000 ft AGL 200 km (LOS)
HALE Up to 65,000 ft AGL  Unlimited (BLOS)
Class T >600ke) a1 g Ui to 45,000 ft AGL  Unlimited (BLOS)

Looking at Table 3.1, the main characteristics can be immediately depicted. The
three classes of UAVs primarily divide into three categories based on their gross
take-off weight (GTOW). Typically, Class I includes the majority of UAVs used
in civil applications, including those that can be purchased even in shops or on
e-commerce websites. Class II and Class III enclose larger UAVs mainly used in
research, industrial, or military applications. The nominal operating altitude ranges
from approximately 70 m (200 ft) up to 20 km (65000 ft). In the 'Nominal mission
radius’ column, a number is specified only for those UAVs that should remain in the
Line Of Sight (LOS) to be controlled. In this case, the communication between the
control system and the aircraft is typically based on direct radio communication. On
the contrary, Class III UAVs have an unlimited radius because their communication

system relies on satellite technology.

Despite its widespread use in the literature, the classification proposed by NATO
in the table was introduced over 15 years ago and has certain limitations. Indeed,
in the literature, numerous classifications can be found based on roles, applicable
standards, military applications, wing types and configurations, degree of autonomy,
and ownership. However, a comprehensive discussion goes beyond the scope of this
study; therefore, the two categories, MALE and HALE, have already been selected
in accordance with the needs expressed by Leonardo S.p.A., and will be explored in

the following sections [36].
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3.1.1 HALE UAVs

High altitude long endurance (HALE) UAVs typically operate at an altitude above
15 km (approximately 50000 ft) and their endurance can exceed 24 hours. HALE
UAV5s are designed to fly in the stratosphere, where the environmental conditions are
more stable. Their design is optimised for such conditions, allowing long endurance
capabilities; indeed, they can even perform trans-global ISR missions. Flying at
such an altitude allows for the performance of surveillance operations over a very
wide area. They are among the largest UAVs and can carry a significant payload
for applications spanning from military to telecommunications and environmental
monitoring [40, 34].

The availability of technical data related to HALE UAVs in the literature is quite
limited, sparse, and often incomplete. In Table 3.2, six HALE UAV models are
reported together with their producers, nationalities, and roles. In Table 3.4 and
Table 3.6, the dimensions and performance are collected. From Table 3.2 it can
be noted that, even though their roles are expressed in slightly different ways, they
all perform surveillance and combat operations. Despite their similar roles, their
characteristics differ significantly, and this could be due to unverified data. The RQ-4
Global Hawk is considerably larger, especially compared to the Sharp Sword, which

is primarily designed for combat roles and stealth capabilities, as is the CH-7.

Table 3.2 HALE UAV models (elaborated from [39, 41]).

Producer Nationality Model/Name Role

Baykar Turkey Bayraktar Akinci Long-endurance strike
CASC China CH-6 High-altitude strike
CASC China CH-7 UCAV Stealth
Northrop Grumman USA RQ-4 Global Hawk High-altitude ISR
Hongdu Aviation China Sharp Sword UCAV Stealth
Industry Group

Chengdu Aircraft China Cloud Shadow HALE ISR

Industry Group
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Table 3.4 HALE UAYV dimensions (elaborated from [39, 41, 42].

Model/Name Length (m) Wingspan (m) Height (m)
Bayraktar Akinci 12.2 20 N/A

CH-6 15.8 20.5 N/A

CH-7 10 22 3.5

RQ-4 Global Hawk 14.5 39.9 4.7

Sharp Sword 12.2 14.4 2.7

Cloud Shadow 9.0 20 3.66

Table 3.6 HALE UAV performances (elaborated from [39, 41].

Model/Name MTOW Payload Max  Cruise Range Endurance
speed  speed
(kg) (kg) (knots) (knots) (km) (hours)

Bayraktar Akinci 5500 1350 90 7500 24
CH-6 7800 1700 N/A N/A N/A 18

CH-7 4000 2000 600 480 1500 15

RQ-4 Global Hawk 14628 1360 340 310 22780 34
Sharp Sword 20215 2000 1111 N/A 926 48

Cloud Shadow 3000 400 335 N/A 290 6
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Northrop Grumman RQ-4 Global Hawk

Among the HALE UAVs mentioned in the current sections, the Northrop Grumman
RQ-4A Global Hawk is widely recognised and renowned in the literature (Fig. 3.1).
It is primarily designed to provide continuous reconnaissance and surveillance over a
wide area, regardless of the weather and light conditions. It took its first flight in 1998
and has since successfully conducted both military and scientific research operations.
For instance, the Global Hawk conducted 11 maritime surveillance missions during
its deployment in Australia, but also supported NASA in hurricane monitoring and
atmospheric analyses [43, 44]. In 2001, it was the first UAV to cross the Pacific
Ocean, and it registered the longest flight of 13840 km performed by a full-scale,
jet-powered UAV.

For the purpose of the current analysis, it can be useful to identify the UAV’s fuel
capacity so as to have a preliminary estimate of the energy available onboard and,
through basic formulas, compute the equivalent energy amount in terms of hydrogen.
Different versions of the Global Hawk RQ-4 have been manufactured. The main
changes relied on the payload capacities and other improvements implemented
to meet the needs of different missions. The three most famous variants are the
RQ-4A, the first produced, its direct upgraded version, the RQ-4B, and the naval
variant for maritime surveillance, the MQ-4C Triton. With respect to the RQ-4A,
the improved RQ-4B has longer wings and a nose allowing it to carry a heavier
payload. In contrast, the MQ-4C Triton has a reinforced structure for improved
weather resistance and slightly modified wings for steeper ascending and descending
maneuvers [45]. However, for the purpose of the current analysis, estimates of the
fuel capacity and the average and maximum fuel consumption are needed. Therefore,
the following analysis will focus solely on these aspects related to the main variants
of the Global Hawk: RQ-4A and RQ-4B.

The Global Hawk RQ-4A has a fuel capacity of 17300 punds (7847 kg), while the
RQ-4B carries 6500 kg of fuel, correspond approximately to 45% of its GTOW [46].
It is powered by a single Rolls Royce F137-RR-100 turbofan engine capable of
generating a maximum thrust around 34 kN and has a specific fuel consumption
(SPF) of 0.391b/Ibthr (10 g/(kNs)) at take-off, and 0.651b/Ibfhr (18 g/(kNs)) at
cruise speed (Mach 0.8 at 35000 ft [38, 47, 48, 49]). However, as a first attempt,
an average fuel consumption could be computed by dividing the total amount of

fuel by the flight duration, but this would neglect a few basic assumptions that are
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worth considering. Hence, more detailed data are provided in the following section
(Sec. 3.1.3), where a more comprehensive description will be presented.

Fig. 3.1 NASA - Northrop Grumman RQ-4A Global Hawk [50].

3.1.2 MALE UAVs

Analogously to what has been discussed about HALE UAVs in Sec. 3.1.1, here
the main characteristics of Medium Altitude Long Endurance (MALE) UAVs are
investigated. Typically, MALE UAVs operate at an altitude between 5000 m and
15000 m, their ranges are more limited compared to HALE UAVs, and their en-
durance is around 24 h, even though MALE UAVs are operated from fixed on-ground
bases [34]. A general idea of the difference in the use between HALE and MALE
UAVs can be summarised according to their difference in classification. MALE
UAVs are tactical, also defined as "boots-on-the-ground" assets, meaning they are
used in real-time battlefield surveillance and intervention, target acquisition and di-
rect support to ground forces. Conversely, HALE UAVs are strategic UAVs and their
role can be summarised as "eyes-in-the-sky for high-level decision-makers". Indeed,
they can monitor extended geographical regions, and they are typically integrated

into broader defence networks and operated by national-level commands [51, 52,
36].
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After an extended review of the literature, a considerable amount of MALE
UAVSs’ technical data has been collected in Tables. 3.8, 3.9, 3.11, and 3.13. As can be
seen from Table 3.8 and Table 3.9, many countries are directly manufacturing MALE
UAVs, all of which are intended to cover roles related to ISR. The dimensions are
smaller than HALE UAVs (Table 3.11), and overall, the performances are lower as
well as their associated costs [38].

Considering the significant number of male UAVs taken into account, it has been
possible to identify some outliers with characteristics that were too far from the
average trend. The deviations in the properties typical of MALE UAVs have been
attributed both to the fact that specific UAVs are classified as MALE even though they
are designed prioritising specific capabilities, such as the P.1HH HAMMERHEAD
by Piaggio Aerospace and the Avenger by GA-ASI which have a maximum speed
much higher than the others, and to the un-verified nature of this data that, being
classified, is often manipulated before publication, as it could be for the CH-4 and
CH-5 manufactured by CASIC that have an endurance of 40 h and 60 h, respectively.
Thus, a selected number of models have been reported in Figure 3.2. These UAVs
have an MTOW between 500 kg and 1400 kg, an endurance between 20 h and 30 h,
and a maximum speed ranging between 50 kn and 180 kn.

Table 3.8 MALE UAV models [41].

Producer Nationality Model Name
DRDO India Archer-NG
Aeronautics Defense Systems Israel Dominator

TAI Turkey Anka

Airbus Defence & Space Spain Atlante

Stella tecnologia Brazil Atoba Tactical UAS
GA-ASI USA Avenger

Denel Dynamics South Africa Bateleur
Baykar Turkey Bayraktar TB2
Aurora Flight Sciences USA Centaur

CASIC China CH-4

CASIC China CH-5

China Academy of China CH-6
Aerospace Aerodynamics

Carbon Fiber Technologies Greece DELAER RX-3
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(CFT)
DRDO India DRDO Rustom H
IAI Israel Eitan
Airbus Defence & Space EU Eurodrone
Leonardo Italy Falco Xplorer
Northrop Grumman USA Firebird
General Atomics USA Grey Eagle
HAI Greece HCUAV
Elbit Systems Israel Hermes 450
Elbit Systems Israel Hermes 900
IAI Israel Heron
BAE Systems UK HERTI
HESA Iran IAIO Fotros
Kronstadt Group Russia Kronshtadt Orion
KAL South Korea KUS-FS
BAE Systems UK Mantis
INTA Spain Milano
Milkor South Africa Milkor 380
Qods Aviation Iran Mohajer-6
Industry Company
GA-ASI USA MQ-1 Predator
GA-ASI USA MQ-9 Reaper
Piaggio Aerospace Italy P.1HH HAMMERHEAD
HAI Greece Pegasus 11
IAI Israel Searcher III
Denel Dynamics South Africa Seeker 400
HESA Iran Shahed 129
EADS and TAI Europe/Turkey Talarion
ADE India TAPAS-BH-201
Adcom Systems UAE United 40
Yabhon UAE United 40
Lentatek Turkey Vestel Karayel
Thales UK Watchkeeper WK450
Chengdu Aircraft Industry Group China Wing Loong |
Chengdu Aircraft Industry Group China Wing Loong II
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Fig. 3.2 Comparison between MALE UAVs limited to the following ranges: MTOW (500,
1400 kg), Endurance (20, 30 hours), Speed (50, 180 knots).
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Table 3.9 MALE UAV roles [41].

Model/Name Role

Atlante Civil airspace operations
Avenger ISR and strike

Bayraktar TB2 ISR and strike

Centaur ISR and sensor-carrying aircraft
CH-4 ISR and strike

CH-5 ISR and strike

CH-6 ISR and strike

Eitan ISR

Eurodrone ISTAR missions

Falco Xplorer ISR and targeting

Grey Eagle ISR and precision strike
Hermes 450 ISR

Hermes 900 ISR and support

Heron ISR

HERTI ISR and reconnaissance
IAIO Fotros ISR

Mantis Surveillance and strike
MQ-1 Predator ISR and strike

MQ-9 Reaper ISR and strike

Searcher III ISR and target acquisition
Seeker 400 ISR

Shahed 129 Reconnaissance / Light attack
United 40 Persistent surveillance
Watchkeeper WK450 ISR and target acquisition
Wing Loong I ISR and strike

Wing Loong 11

Multi-role ISR
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Table 3.11 MALE UAYV dimensions [41].

Model/Name Length (m) Wingspan (m) Height (m)
Aeronautics Defense 8.00 13.42

Dominator

Atlante 547 8.00 1.99
Avenger 13.3 20.1 4.4
Bayraktar TB2 6.5 12.0 2.2
Centaur 8.5 13.4 2.5
CH-4 8.5 18.0 2.6
CH-5 10.0 21.0 3.1
CH-6 15.00 20.00

DELAER RX-3 4.15 7.20

Eitan 14.0 26.0 3.8
Eurodrone 16.0 30.0 6.0
Falco Xplorer 9.0 18.0

Grey Eagle 8.0 17.0 2.1
HCUAV 4.0 6.4

Hermes 450 6.1 10.5 1.8
Hermes 900 8.3 15.0 2.0
Heron 8.5 16.6 1.6
HERTI 3.5 8.5

Kronshtadt Orion 8.0 16.0

Mantis 11.0 20.0

Milano 8.2 12.5

Milkor 380 9.0 18.0

Mohajer-6 7.50 10.00

MQ-1 Predator 8.2 14.8 2.1
MQ-9 Reaper 11.0 20.1 3.6
P.IHH HAMMERHEAD 144 15.6

Searcher 111 5.8 8.5 1.5
Seeker 400 4.2 8.5 1.0
Shahed 129 8.0 16.0

Talarion 10.0 28.0 3.5
TAPAS-BH-201 9.5 20.6

United 40 11.1 17.5 4.4
Vestel Karayel 6.5 10.5

Watchkeeper WK450 6.1 10.5 1.8
Wing Loong I 9.0 14.0 2.7

Wing Loong 11 11.0 20.5 4.1
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Table 3.13 MALE UAV performances [41].
Model/Name MTOW Payload Max Cruise Range Endurance
speed  speed
(kg) (kg) (knots) (knots) (km) (hours)
Anka 1700 117 5000 30
Atlante 570 100 108 73 400 10
Atoba Tactical UAS 500 150 103 65 28
Avenger 8380 2948 460 350 926 18
Bateleur 1000 135 750 24
TB2 650 55 70 300 24
Centaur 1999 363 175 150 3700 24
CH-4 1330 350 180 150 2500 40
CH-5 3300 1200 220 180 2500 60
CH-6 7800 500 240 200 7000 20
DELAER RX-3 190 50 130 97 10
DRDO Rustom H 720 81 350 24
Eitan 5400 1000 220 180 1000 36
Eurodrone 11000 2300 270 40
Falco Xplorer 1300 350 135 115 1800 24
Grey Eagle 1450 360 150 120 2500 25
HCUAV 185 35 103 86 11
Hermes 450 450 180 95 80 300 20
Hermes 900 1180 350 120 90 1000 36
Heron 1250 250 130 110 1000 52
HERTI 170 50 70 60 150 24
IAIO Fotros 3500 216 2000 30
Kronshtadt Orion 1150 250 108 65 24
Mantis 9500 1500 278 240 1000 36
Milano 900 150 124 20
Milkor 380 1300 220 135 70 35
Mohajer-6 670 150 108 70 2000 12
MQ-1 Predator 1020 204 135 115 1110 24
MQ-9 Reaper 4760 1700 240 200 1852 27
P.1HH 6146 272 395 135 16
Searcher III 436 100 110 90 200 18
Seeker 400 550 100 150 120 300 16
Shahed 129 990 400 94 81 300 24
Talarion 10000 800 340 1700 20
TAPAS-BH-201 1800 350 121 94 1000 18
United 40 1000 100 108 108 25
Vestel Karayel 630 81 20
WK450 450 150 85 70 150 16
Wing Loong 1 1100 200 160 130 4000 20
Wing Loong II 4200 480 140 100 6000 32
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Fig. 3.3 General Atomics MQ-1 Predator MALE UAV [60].

Predator

Among the various UAVs, the MQ-1 Predator by General Atomics exhibit balanced
performances (FIg. 3.2). Moreover, it is historically one of the most relevant MALE
UAVs. Since its debut in 1995 during the conflicts in Bosnia, it has been widely
used for both passive roles, such as surveillance and monitoring, and active roles
thanks to its ability to detect and track moving targets, that, at that time, represented a
relevant technological asset [53, 54]. It became the symbol of the American presence
in the Middle East during operations in Iraq, Afghanistan, Syria, and Pakistan,
and it represents a benchmark for all the MALE UAVs [38]. Due to its historical
relevance to to the considerable amount of technical data that can be retrieved from
the literature, the MQ-1 Predator will be considered as a baseline also in the current

analysis.

To the purpose of the current analysis, only data related to the fuel capacity and
the fuel consumption will be further investigated. The MQ-1 Predator has a fuel
capacity of approximately 300 kg (665 Ib) [55, 56]. To estimate the fuel consumption,
information about the engine has been collected. The MQ-1 Predator is equipped
with a four-stroke turbocharged engine manufactured by Rotax [57]. This engine
is designed to maintain relevant performances even at high altitudes. It can deliver
a maximum power of 84 kW (115 hp) at 5800 rpm for maximum 5 min, and 73 kW
(100 hp) of continuos power [58]. The maximum fuel consumption for the Rotax
914 during take-off is around 33 Lh~!, corresponding to 6.76 gs~! [59]. Assuming
a 10% fuel reserve, as it has been done for the Global Hawk in Sec. 3.1.1, the
resulting amount of usable fuel is 270 kg. This will be the starting point to estimate
the fuel consumptions throughout the mission profile phases, that will be performed
in Sec. 3.1.3.
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3.1.3 C(lass III UAVs mission

To perform the static and dynamic design of the H,SDSys two main information are
needed: the tank fuel capacity, and the value of the fuel mass flow rate throughout the
mission profile, also referred to as fuel consumption profile. In the previous sections,
the fuel capacities of the two aircraft selected as baselines were reported. Here, a
typical flight mission profile will be delineated together with the fuel consumed in
each time phase. It must be specified that both the static and dynamic sizing are
performed at a preliminary level under the assumption that all the other power-train’s
components, like the engine and the transmission system’s elements, hold the same
properties and the same efficiencies of the "traditional" powertrains. This assumption
will allow to convert the capacity and the mass flow rate referred to the traditional
fuels into those referred to hydrogen only correlating the energy content of the fuels.

The starting point to estimate the fuel consumption throughout the whole mission
profile is the data collected in the two sections dedicated to the RQ-4 Global Hawk
(Sec. 3.1.1) and to the MQ-1 Predator (Sec. 3.1.2). In the case of the Global Hawk,
the specific fuel consumption refers to the engine mounted on the RQ-4A model
version and, accordingly, that model’s fuel capacity will be considered. In the first
step, a fuel reserve margin of 10% has been considered, thereby reducing the total
fuel capacity to the available fuel. The data useful for the following calculations,

which have been mentioned in the previous sections, have been grouped in Table 3.15.

Table 3.15 MQ-1 Predator and RQ-4A Global Hawk nominal fuel capacity and consumption.

MQ-1 Predator RQ-4A Global Hawk

Total fuel capacity (kg) 300 7847
Total fuel available (kg) 270 7062.3
Nominal Endurance (h) 24 34

To move from this initial set of data to a more detailed fuel consumption profile,
the fraction of time of each flight phase with respect to the total endurance has been
elaborated through research in the literature. The UAV endurance, i.e. the total flying
time per mission, has been divided into five phases: take-off & climb, cruise ingress,
loiter, cruise egress, and descent & landing. However, due to the nature of cryogenic
hydrogen storage, it is also necessary to consider the time that elapses between the
end of the refuelling phase and the beginning of take-off. This interval has been
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further subdivided into two phases: the post-refuelling and the ground idle & taxiing.
During the post-refuelling the tank is filled at its maximum capacity and no hydrogen
is extracted, while in the ground idle & taxiing a reduced amount of hydrogen is
extracted. The ground idle & taxiing has been estimated to last for 25 minutes.
Considering that both the UAVs belong to Class III they should undergo similar
on-ground operations before flight, so the ground idle & taxiing has been assumed
equal [61]. However, considering that the fuel consumption is minimum in idle,
and that the ground idle & taxiing phase duration represents less than 2% compared
to the total flight duration, this phase has been neglected from the calculations of
the total fuel consumed to enable comparison of results with data available in the
literature. Nonetheless, it will be taken into account when analysing the HySDSys
dynamic behaviour. On the contrary, the duration of the post-refuelling phase will be

investigated through a detailed dynamic analysis in the following chapters.

After extended research in the literature, typical values describing the fraction
of the time covered by each phase of the flight mission with respect to the total
endurance have been identified ("Duration (%)" column in Table 3.16). Then,
assuming that during take-off and climb, the fuel consumption is maximum, the
consumption during the other flight phases has been estimated iteratively until the
fuel consumed equals the fuel available. As a reference, an example has been selected
from the literature where the power fraction during climb is 100%, during cruise is

30%, and in descent and in ground-idle & taxing is 15% and 8%, respectively 3.16.

Table 3.16 Estimated Mission Phase Time Distribution for HALE and MALE UAVs (elabo-
rated from [61, 62, 46, 63, 46]).

Mission Phase Phase duration w.r.t. endurance
Take-off & Climb 5-10%
Cruise ingress 10 - 15%
Loiter 60 - 75%
Cruise egress 10 - 15%
Descent & Landing 5-10%

To estimate the fuel consumption profile, a "Ground idle and Taxiing" phase
has been added. Even if the effect of considering this phase is negligible on the
total fuel consumption, it will be relevant to analyse the dynamic behaviour of the
H,SDSys where a small amount of hydrogen flow rate will flow through the hydrogen
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distribution system while safety checks are conducted. Typically, in the aviation
domain, this phase lasts for a shorter time than that assumed here of 25 minutes
(0.42 hours in Table 3.18. However, considering the novelty and complexity of
the hydrogen storage system, and the lackness of specific indications from current
standards, a longer time interval has been assumed where the fuel consumption is
very low due to the hydrogen flow through the distribution system while the engine
1s still off, which can be useful to check the integrity of the distribution system and
its components.

Considering the MQ-1 Predator, the fuel consumption profile has been estimated
iteratively, and reasonable results have been obtained (Table 3.18). Different rates of
consumption during loiter and cruise have been assumed to better reflect a realistic

scenario and to impose more severe conditions on the H2SDSys [38].

Table 3.18 MQ-1 Predator Fuel consumption throughout the flight mission.

Flight phase Duration Duration 1M fyel 1M fyel

(%) (h) W.I.L mfuel,max (g/S)
Ground idle & Taxiing 1.7% 0.42 8% 0.54
Take-off & Climb 5% 1.2 100% 6.76
Cruise Ingress 15% 3.6 55% 3.72
Loiter 60% 14.4 40% 2.70
Cruise Egress 15% 3.6 55% 3.72
Descent & Landing 5% 1.2 15% 1.01

A double check was carried out later to verify the consistency of the Predator’s
fuel consumption. The specific fuel consumption (276 gkW ! h) has been multi-
plied by the Rotax maximum and minimum power, 85 kW and 15 kW, resulting in
a maximum fuel mass flow rate of 6.52gs~! and a minimum fuel mass flow rate
1.15gs~!. These results have been considered aligned with those obtained itera-
tively (Table 3.18) and, even if the aircraft fuel consumption varies depending on the
specific needs of each flight mission, the consumption profile described numerically
in Table 3.18 has been considered adequately representative to be considered on the
following analysis.

Analogous calculations have been conducted for the RQ-4A Global Hawk, but the
resulting fuel consumption during cruise and loiter phases was around 11% of the
maximum fuel consumption (Sec . 3.1.1). Unexpectedly, this result was extremely
low; therefore, a different approach was used to estimate the average fuel consump-

tion during cruise and loiter.
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According to the fundamentals of flight mechanics, during cruise, the forces along
the vertical direction (lift: L, and gravitational force: W) and along the horizontal
direction (thrust: 7', and drag: D) are in equilibrium. So, starting from the aerody-
namic efficiency expressed through the lift-to-drag ratio (Eq. 3.1, the gravitational
force and the lift have been computed (Eq. 3.2) at the beginning of the cruise ingress
and at the end of the cruise egress phases, where the mass of fuel, has been assumed
respectively equal to the 80% and 20% of the total fuel capacity. This mass of fuel
has been summed to the operative empty weight (OEM) and the payload to obtain
the aircraft’s total mass. Then, through aerodynamic efficiency, the thrust and drag
forces are also computed (Eq. 3.3. The mass flow rate of fuel during cruise ingress
and cruise egress has been estimated (Eq. 3.4). Finally, the fuel mass flow rate during
loiter has been computed as the average between the two values obtained at cruise

ingress and egress [64, 49, 45].

L
E=— 3.1
= (3.1
W = L = (OEM + Payload + myye] ) - g (3.2)
w
T=D=— 3.3
£ (3.3)
mfuel, cruise — SFC-T (3-4)

In agreement with results form the literature, the fuel consumption during the descent
and landing phase has been estimated as one third of the fuel consumption during
cruise [65]. Instead, concerning the fuel consumption during ground idle & taxiing,
it was firs computed as the 8% of the maximum fuel rate [66]. However, the resulting
value was higher that than that referred to the descent & landing phase, so it has been
set equal to this last one.

As a final step, the mass of fuel burnt during one mission has been computed and it
was exceeding the maximum fuel capacity. This inconsistency has been attributed to
the fact that the computations have been conducted considering a full payload. In
such conditions the aircraft endurance can be lower compared to the nominal one.
So, a last tuning to make the fuel consumed equal to the fuel capacity resulted in a
effective endurance of 29 hours, that will be the reference value for further analysis.

For reference, all the parameters related to the Global Hawk have been grouped
in Table 3.19. Analogously to what has been previously done for the MQ-1 Predator,
the data related to the Global Hawk’s flight phases have been reported in Table 3.20.
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Table 3.19 RQ-4 Global Hawk performance estimates.

Parameter Value Description

OEM 6,781 kg  Operating Empty Mass

Payload 1,360 kg  Mission payload

Mfyel, capacity 7,847 kg  Maximum fuel capacity

g 9.81 m/s>  Gravitational acceleration

E 33 Lift-to-drag ratio in cruise

SFECeryise 18 g/kN-s  Specific fuel consumption during cruise

Mfuel, cruise ingress ~ 0,277.6 kg Fuel remaining at start of cruise ingress
Mfyel, cruise egress ~ 1,909.4 kg Fuel remaining at end of cruise egress

Wingress 141.45 kN Total aircraft weight at cruise start

Wegress 95.26 kN  Total aircraft weight at cruise end

Tingress 429 kKN  Required thrust at cruise start

Tegress 2.89 kN  Required thrust at cruise end

Hifyel, ingress 77.15 g/s  Fuel consumption rate during cruise ingress
Mfuel, egress 51.96 g/s  Fuel consumption rate during cruise egress
Mfuel, avg 64.56 g/s  Mean fuel consumption during loiter

Tfyel, descent 21.52 g/s  Fuel consumption rate during descent
Endurance 29 hours  Estimated endurance at full payload

Table 3.20 Estimated Fuel Flow During RQ-4 Global Hawk Mission Phases. The Duration
(%) is expressed with respect to the flight endurance of 29 hours.

Flight Phase Duration (%) Duration (h) = #i1¢,e; (g/s)
Ground Idle & Taxiing 1.4% 0.42 21.52
Take-off & Climb 5% 1.45 314.00
Cruise Ingress 10% 2.90 77.15
Loiter 70% 20.30 64.56
Cruise Egress 10% 2.90 51.96
Descent & Landing 5% 1.45 21.52

All the data needed to provide a starting point for the static and dynamic sizing
of the hydrogen storage and distribution system have been computed here and will
be used in the following analysis.



Chapter 4

Hydrogen storage in aviation

4.1 History of hydrogen in aviation

The use of hydrogen in aviation dates back more than 100 years when hydrogen
was used as lifting medium in airships. However, the year 1900 marked a turning
point as the commercial use of airships began, leading to the use of hydrogen in
commercial air transportation, which was interrupted during World War I, an then
continued until the Hindenburg accident, where 35 of the 96 people on board died.
The Hindenburg tragedy marked the end of airships and of the use of hydrogen in
commercial aviation. It had such a strong resonance in public opinion that even
today, discussions about the use of hydrogen in aviation still evoke memories of the
event. It must be said that the Hindenburg completed 62 flights, including 10 ocean
crossings, in just one year. Statistically speaking, this represents a huge result even
in terms of operational safety. However, after the disaster, the public’s perception of
safety in the use of hydrogen in aviation was irreversibly damaged [67]. In 1940, in

Germany, all the airships were dismantled to supply the Nazi war apparatus.

The use of hydrogen in aviation had been set apart until 1950, when the U.S.
started several military projects to investigate the use of liquid hydrogen in aviation.
The main objectives were to extend the range and to increase the service ceiling.
Among the various projects, two are quite famous and have been selected here for
further investigation: the Project Bee and the CL-400 Sultan aircraft project.

The Project Bee was conducted by the NACA, the precursor of NASA, to assess
the feasibility of an LH, fuelled aircraft. The selected platform was a Martin B-57



4.1 History of hydrogen in aviation 49

Canberra configured with one engine running on jet fuel and the other capable of
switching to hydrogen. So, the aircraft burned jet fuel until an altitude of 50000 ft
when one engine switched to hydrogen. The B-57 was equipped with two wing-tip
tanks, one containing liquid hydrogen and the other containing helium, which was
used to pressurise the LH, tank. (Fig. 4.1). The fuel lines crossed the wing to
reach the fuel regulator and the air/hydrogen heat exchanger before entering the

engine. The hydrogen fuel tank was made of stainless steel. It was 6.2 m long and

' ., -FUEL REGULATOR

N _-FUEL LINE
o<

HEAT EXCHANGER-
* FUEL

TANK

Fig. 4.1 Project Bee’s modified Martin b-57 Canberra [68].

had a volume of 1.7 m>. It was designed to bear a pressure of 3.4 bar. To maintain
the hydrogen in cryogenic conditions and minimise boiloff, the tank was wrapped
with 5 cm foam covered with an aluminium foil and enclosed inside a fiberglass
shell. Helium that was stored at 200 bar in the other wing-tip tank. It was used both
for purging the fuel lines from air before feeding them with hydrogen and to keep
the fuel tank pressurised. The heat exchanger used ram air to vaporise hydrogen
before injecting it into the engine. A vent pipe was also installed to discharge excess
hydrogen safely. The Project Bee successfully demonstrated that cryogenic hydrogen
could be safely stored and operated, and the technical feasibility of LH, powered
aircraft. Indeed, the modified engine of the B-57 switched successfully from jet fuel
to hydrogen 38 times while in-flight [69].

Another project worth mentioning, which took place in the same years, was led
by Lockheed, which designed a CL-400 fully powered by liquid hydrogen. The
goal of the project was to create a high-altitude spy aircraft capable of flying at
Mach 2.5. The project included a massive fuselage containing three liquid hydrogen

tanks, while the two engines were mounted on the wing tips to isolate them from
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the cryogenic tanks (Fig. 4.2). In particular, there was one forward tank placed right
behind the cockpit of 67000L, one in the rear part of the fuselage (aft. tank) of
54000L, and a smaller one located below and between the other two of 15000 L.
The working pressure of the two larger tanks was around 2.3 atm. The smaller central
tank was also used as a mixing chamber and consequently kept at a pressure slightly
lower.

Among the various tank configurations taken into account, one particularly promis-

CL-400

SPAN 839"

(’ T.O.GW. 69,955 LB
S S

PAYLOAD 1,500 LB

160

CREW 2

Fig. 4.2 Rendering of the fully hydrogen-powered Lockheed CL 400 [70].

ing was manufactured and tested. It consisted of a double-wall vacuum insulation
made of aluminium. The 6.35 mm thickness between the two walls was filled with
fibre-glass able to bear compressive loads from the outer shell. The inner shell
was reinforced with circumferential beads, and it was only meant to sustain tensile
stresses resulting from the internal pressures. Beads were also created on the outer
shell to bear axial loads. These beads also allowed for adapting to thermal con-
traction and expansion. However, despite its initial theoretical relevance, this tank
proved impractical mainly due to difficulties in keeping the vacuum between the
two aluminium layers due to the welding at the bead tips, where the stresses were
concentrated.

Thus, another tank was built and tested. The tank was a cylinder with ellipsoidal
domes. It was made of a 1.27 mm 6061-T6 aluminium alloy layer wrapped with the
insulation layer consisting of a 25.4 mm inner layer of styrofoam, and a 38.1 mm
outer layer made of fiberglass [71]. Each of the insulating layers was enveloped
with a mylar film of 0.127 mm to shield it from vapour and avoid gas permeation.
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To prevent the condensation of gas at cryogenic temperatures (cryopumping), the
void within the styrofoam layer was filled with helium and that within the fiberglass
with nitrogen. Finally, an aluminium foil was wrapped around the tank to shield it
from radiation. This tank holds notable performance. Indeed, the testing campaigns
revealed that the boil-off amounted to 3% of the total fuel stored on board, but 2%
was used to keep the tank pressurised, thus resulting in an effective boil-off of only
1% of the total hydrogen amount. Concerning the hydrogen distribution system, to
transfer the hydrogen from the fuselage to the engine, the hydrogen pipes needed to
cross the entire wings. However, at high speed, the wing could reach relatively high
temperatures, while hydrogen had to be kept at low temperatures even inside the
distribution lines. To solve this problem, vacuum jacketed pipes were applied. The
CL-400 aircraft was never built mainly for two reasons. Firstly, it was considered
limited in range capability, and the project did not reveal a significant margin for
improvement. Secondly, the logistics associated with the use of liquid hydrogen

would have introduced numerous challenges that were anything but trivial [71].

Both the Project Bee and the CL-400 were ahead of time. However, they are
still considered milestones today, and their findings are often cited in current studies.
Many of the lessons learned were reapplied to rocket design during the space pro-
grams.

Indeed, during the U.S. space program running from 1958 up to 2011, there has
never been a failure of a hydrogen-fueled rocket. Similarly, during the U.S. nuclear
rocket program, almost 10000 ton of liquid hydrogen were handled without any

serious injury.

Until this point, research into hydrogen for aeronautical applications had been
conducted with the aim of exploiting its particular properties. The 1973 energy
crisis marked the first time society faced the reality that fossil fuels are finite and

inexhaustible.

In 1988, the Soviet Union flew the world’s first hydrogen-powered passenger
aircraft, modifying a Tupolev Tu-155 (Fig. 4.3). Apart from the historical relevance
of this event, it also demonstrated that interest in the potential of hydrogen in aviation
was not limited to the U.S. The Tupolev took its first flight in 1988. One of the
engines was modified to run also on hydrogen or liquefied natural gas. The liquid
hydrogen tank was placed in the rear part of the fuselage and had a volume of
17.5m3, corresponding approximately to a fuel capacity of 650 kg of hydrogen [73].
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Fig. 4.3 Liquid hydrogen Tupolev TU-155 [72].

The large dimensions of the tank and its need to bear a certain inner pressure forced
the engineers to design a large cylindrical vessel that, being so massive, could only
be installed inside the fuselage. Despite the few data available in the literature, issues
related to the volume occupied by hydrogen storage systems are still one of the
significant drawbacks limiting their broader adoption [71].

Concerns about climate change grew in the following years. Indeed, in 1997, the
Kyoto Protocol was signed. Starting from 2000, several projects took place. The
CRYOPLANE project was conducted by the European Commission to study the
feasibility of LH, as a commercial aviation fuel. It produced five aircraft concepts
and concluded that a transition was possible by 2040-2050, provided that greater
investments in research and development and support from institutions are made [74,
75].

NASA pursued a different objective with the X-43 Project: an aircraft powered
by a scramjet engine that reached Mach 9.6. A peculiar feature of the X-43 was
the shape of the frontal part of the aircraft, which was designed with a specific
geometry capable of compressing the air before injecting it into the engine together
with hydrogen, which was stored in gaseous form [76, 77].

The German Aerospace Center (DLR) has been at the forefront of sustainable
aviation. Among the others, it conducted two relevant projects in the first decade of
the 2000s. In one of them, the engineers from DLR replaced the auxiliary power unit
of an Airbus A320 with a 20 kW fuel cell. The other project, the Antares DLR-H2,
saw a collaboration between DLR and Lange Aviation GmbH that converted an
Antares 20E aircraft to work on hydrogen by reinforcing the wing structures and

installing two pods below the wings, one hosting the fuel cell while the other hosting
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the hydrogen tank. The Antares was only using hydrogen, thus qualifying as the
world’s first manned aircraft entirely powered by fuel cells [78, 74].

Two attempts to exploit the hydrogen properties to increase the aircraft endurance
were made by AeroVironment, the U.S. DoD and DARPA with the Global Observer
UAV, and by Boeing with the Phantom Eye UAV. They were both high-altitude long-
endurance (HALE) UAVs with an operational altitude in the 60000-65000 ft range.
The Global Observer had an endurance of 5-7 days, while the Phantom Eye had an
endurance of 4 days. Both aircraft stored liquid hydrogen on board. Although both
programs were interrupted, the Global Observer ended after an aircraft crash, while
the Phantom Eye was retired after nine flights and is now exhibited in a museum, they

demonstrated the potential for multi-day endurance and stratospheric flights [79].

After the Paris agreement in 2015, the interest in hydrogen for aviation increased
even among smaller companies and start-ups. Pipistrel flew a GH; aircraft in 2016
that later converted to LHj, establishing the world’s first liquid hydrogen electric-
powered manned aircraft.

ZeroAvia is also an active player in the field. In 2023, it flew a Dornier 228 with one
of the two engines replaced by a hydrogen-electric powertrain. Universal Hydrogen
performed an analogous operation that substituted one engine of the Dash 8-300 with
an electric motor powered by a fuel cell. Universal hydrogen addressed the issues
related to cryogenic hydrogen handling, such as refuelling operations, using external
liquid hydrogen tanks that were transported and placed inside the fuselage before
take-off. With this solution, the company managed to save 15% of the hydrogen
amount used to refuel the aircraft that would be lost otherwise due to boil-off losses
during refuelling [80].

In 2024, France also had its first hydrogen-powered flight performed by Beyond
Aero that substituted the traditional engine of a small aircraft with a 85 kW electric

powertrain supplied by a gaseous hydrogen tank.

Apart from those mentioned, several other projects exploring innovative aircraft
architectures aim to reduce the polluting emissions of the aviation sector. One of the
most notable projects in Europe is HERA (Hybrid Electric Regional Aircraft), which
is coordinated by Leonardo S.p.A. and involves all the leading companies and public
institutions in the aerospace sector. HERA aims to develop a hybrid-electric regional
aircraft for short-range routes under 500 km, seating 50—100 passengers, ready for
service by 2030. It combines batteries or hydrogen fuel cells with Sustainable Avia-

tion Fuel (SAF) or hydrogen combustion, targeting up to 90% emissions reduction.
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To pursue this goal, innovative architectures related to high-power distribution, ther-
mal management, and energy systems are investigated. Success relies on significant
R&D investment and institutional support. HERA will support new certification,
energy sources, and infrastructure, aligning with future mobility frameworks. A
demonstration strategy in Clean Aviation Phase 2 will ensure readiness and early
impact through high technological maturity [81].

As it is widely explored in the current section, the use of hydrogen as fuel in
aviation is not new. However, in the last few decades, the interest in H, related
technology has been increasing as it has never happened before. The main driver
is the need to reduce global emissions, even though studies aiming at exploiting
hydrogen properties are also present in the literature [77, 75, 74, 82].

The purpose of the work presented here is to investigate the hydrogen storage and
distribution system that, as can be seen from the previous studies presented in this
section, represents today, and represented in the past, one of the main obstacles to
the broader development of hydrogen-powered aircraft. Hence, pursuing the primary
author’s objective, a deeper analysis focusing on all the key issues related to the

hydrogen storage and distribution system will be conducted in the following.
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Fig. 4.4 Historical evolution of the use of hydrogen in aviation (1783-1924) [71, 83, 77, 75,
84, 85, 74, 82, 86].
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Fig. 4.5 Historical evolution of the use of hydrogen in aviation (1928-1958) [71, 83, 77, 75,
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Fig. 4.6 Historical evolution of the use of hydrogen in aviation (1959-2004) [71, 83, 77, 75,
84, 85, 74, 82, 86].



58 Hydrogen storage in aviation
| . \
2005 Liquid Hy UAV Aero\/.iron-me.nt designed and flew the world's
first liquid hydrogen powered UAV.
. /
s N
Aircraft The systems capabilities were analyzed by
2008 Airbus A320 DLR that replaced the auviliary power unit of
rous an Airbus A320 with a 20 kW fuel-cell.
- J
~ ™
DLR and Lange Aviation GmbH collaborated
2008 Aircraft in the Antares DLR-H2 project resulting in
Antares 20E the first manned aircraft powered entirely by
hydrogen fuel cells.
& J
~
AeroVironment, the U.S. Department of
2010 UAV Defense, and DARPA developed a HALE UAV
Global Observer with an endurance of up to 5-7 days and an
operational altitude of 60000 feet.
( N\
UAV Boeing developed a HALE UAV powered by
2012 Phantom Eve liquid hydrogen capable of flights up to 66000
y feet and endurance of 4 days.
-
v (r . ) —
r— An international treaty between 196 countries
2015 Paris agreement to keep the global warming below 2°C (aiming
L— for 1.5°C) was signed.
. /
s N
- Pipistrel, DLR, and H2FLY, designed and flew
Aircraft } .
2016 a fuel cell-powered passenger aircraft using
HY4 Demonstrator
compressed gaseous hydrogen.
s N
Aircraft Zeroavia replaced the left engine of a Dornier
January 2023 . 228 with a hydrogen-electric powertrain and
Dornier 228 :
performed test flights.
J
Aircraft Universal Hydrogen flew a Bombardier Dash
March 2"9 2023 8-300 with one out of the two engines replace
Dash 8-300 ) )
with an electric motor powered by a fuel-cell.
. J
'd N\
Aircraft In the context of the HEAVEN project, pipistrel
September 7" 2023 HY4 demonstrator completed the world’s first piloted flight of
L liquid hydrogen powered electric aircraft.
v The company Beyond Aero completed the
Aircraft Freanch first manned flight powered entirely
2024 February 2024 G1 SPYL-XL ultralight by hydrogen-electric technology using a 85

kW powertrain.

S /)

Fig. 4.7 Historical evolution of the use of hydrogen in aviation (2005-2024) [71, 83, 77, 75,
84, 85, 74, 82, 86].
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4.2 Hydrogen fuel

Before analysing hydrogen storage technologies, it is helpful to provide a compre-
hensive description of hydrogen’s thermo-physical properties and a comparison with
other traditional fuels. However, before moving on, the reader might question the
use of hydrogen in aviation itself, as the reason why hydrogen is being investigated
instead of other energy storage solutions has not been explained so far. Although the
author’s objective is not to identify the best energy storage options for aviation, a
concise yet clear and focused answer has been derived from the Fly Zero report by
the Aerospace Technology Institute [87]. Starting from the Breguet range equation
and assuming a lift-to-drag ratio equal to 12, a power-plant efficiency of 0.36 for
fluid fuels, and of 0.76 for battery power-plants, the chart in Fig. 4.8 has been drawn.
At first glance, it is immediately evident that hydrogen, particularly in its liquid
form, is the only solution capable of providing greater performance than kerosene.
However, this conclusion cannot be considered always accurate, and its validity

should be verified on a case-by-case basis through more in-depth analysis.
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Fig. 4.8 Mass fractions of fuel, tanks, and payload as a function of aircraft range [87].

Hydrogen possesses relevant properties, even when compared to traditional
fuels or batteries. For comparison, the main properties are reported in Table 4.1,
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while a more comprehensive list of thermo-physical properties can be found in the
literature [88].

Table 4.1 Typical values of fuel properties at standard conditions' (elaborated from [87, 89,
901)

Hydrogen

GH LH? Jet fuel Gasoline Diesel Methane
2 2

Property

Gravimetric

energy 120 43 44 45 ~52.5
MlJ/kg)

Volumetric

energy 10.8 8488 35000 33000 36000 36
MJ/m3)
Density
(kg/m3)
Boiling
point -252.9 150 to 300 100to 170 180to 360  —161.5
O

Freezing

point —259.2 —40 <—-58 —60to —100 —182.5
O

Flammability

range 4-75 4-75 0.6-47 14-76 0.6-5.0 5-15
in air (%)

0.0899 70.85 800 720 850 0.668

! Standard conditions refer to 15 °C and 1 atm pressure.
2 LH, values are valid at cryogenic conditions: approximately 20.3 K and 1 atm.

Looking at Table 4.1, hydrogen stands out for having the highest specific gravi-
metric energy, which is almost four times that held by the other fuels. In contrast,
the specific volumetric energy is dramatically lower even when hydrogen is stored in
liquid form. The densities of jet fuel, gasoline, and diesel are significantly higher
than the density of hydrogen. Additionally, they are available in liquid form over
a wide range of temperatures, making them easy to store and transport. The wide
flammability range of hydrogen makes it highly suitable for use in combustion
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processes, but also dangerous if even small amounts are released into the air, thus

making leakage avoidance a high-priority concern for designers [87, 89, 90].

Figure 4.9 provides an immediate visual perception of the hydrogen density
with respect to other fuels. The high gravimetric density of hydrogen makes it one
of the best candidates in sectors where lightweight is relevant. In contrast, due to
its inherently low volumetric density, hydrogen cannot be stored under standard

conditions. The necessity of employing either high-pressure containment systems or
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Fig. 4.9 Energy storage and fuels volumetric and gravimetric energy densities [91].
cryogenic temperatures significantly increases the complexity of its practical imple-

mentation. In the following section, a general overview of the different hydrogen
storage methods will be provided.

4.3 Hydrogen storage methods

The low hydrogen density drove the need to investigate several solutions for storing
hydrogen. Several technologies have been explored, and many others are under de-
velopment. A classification based on the main approaches has been drawn (Fig. 4.10).
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The various solutions can be broadly grouped into two categories: physical-based
methods, which involve enclosing the fuel inside a confined space, typically a tank,
and material-based methods, which exploit the ability of hydrogen molecules to

bond with materials.

Compressed gas (CH,)

_ Physical Cryo-compressed gas (CcH»)
based Liquid (LH,)
— Slush hydrogen (SH,)
Slurry — > Metal hydrides in liquid carrier
hydrogen
Ho —> Chemical hydrides in liquid carrier
storage™—]
methods
Chemical Ammonia
—> storage Formic acid
materials Liquid oraganic hydrogen carriers
—> Adsorption —
Elemental hydrides
; —> Me.tal Complex metal hydrides
|, Material _| hydrides
based Interstitial hydrides
—> Carbon nanotubes
— Absorption —> Zeolites

—> Metal Organic Frameworks (MOFs)

Fig. 4.10 Hydrogen storage technologies (elaborated from [92, 93, 94, 95, 85]).

In physical-based methods, hydrogen is stored inside a vessel designed to operate
at specific temperatures and pressures. Compressed gas vessels typically operate
at room temperature and have a working pressure of 350 bar or 700 bar. Liquid
hydrogen is stored at low pressures, in the order of a few bars, and at a temperature
close to the hydrogen boiling temperature (20.3 K). Hydrogen in cryo-compressed
form can be placed halfway between CH, and LH,. Typically temperature range
from 30K to 70 K, and pressures can span from 200 bar to 700 bar. A more detailed

description of these three storage methods will be provided in the following sections.
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In addition to the three states of matter, literature also mentions a sort of fourth
state known as slurry hydrogen. Essentially, it is a solution of liquid hydrogen and
solid elements. Such elements can be metal or chemical hydrides. In the simplest
case, the solid fraction consists of solid hydrogen particles, and it is referred to as
Slush Hydrogen (SH»). Slush hydrogen can be produced in different ways. Still,
all of them require further cooling of the liquid hydrogen to, or below, the triple
point (13.81 K), thus demanding more energy if compared to hydrogen liquefaction.
If the solid fraction is equal to or below 55% of the total mixture and the particle
sizes are limited in dimension, slush hydrogen can flow through vacuum-insulated
pipes and orifices, and it can also be handled by centrifugal pumps. Depending on
the fraction of solid particles, the density of SH; can be higher than that of LH,
(SH, with 50% solids has a density of 81.49 kg m3,5.5% higher than LH;), and
may have a higher heat capacity, which helps manage boil-off. This is because all
the solid hydrogen inside the liquid must be melted before it evaporates. Despite
offering certain advantages, SH, has not attracted much interest in either literature
or industry, likely due to its higher production costs compared to those of liquid
hydrogen [96].

In addition to slush hydrogen, slurry hydrogen can also be produced by adding metal
or chemical hydrides to liquid hydrogen. Metal hydride slurries can be obtained by
adding magnesium (MgH3) or aluminium (AlH3), while an example of chemical
hydride is the ammonia borane (NH3BH3), even though many more can be found
in the literature. Generally, hydride slurries offer advantages in terms of safety
and ease of thermal management in transportation applications. In contrast, their
wider adoption is limited by various issues, such as increased system complexity and

reduced regeneration efficiency [85].

Materials-based methods encompass a broad variety of solutions. However, this
current analysis presents a brief overview, focusing on the materials most frequently
found in the literature, which have been classified into two categories: adsorption
and absorption, based on their working principles. Adsorption, also known as
physisorption, describes the process where hydrogen atoms or molecules are bonded
to the surface of a material. In contrast, absorption, or chemisorption, involves
the dissociation of hydrogen molecules into atoms that are integrated within the
material’s network. Adsorption-based methods, in turn, include chemical storage and
metal hydrides. The most famous chemical storage material is probably ammonia.

The ammonia molecule (NH3) contains hydrogen that can be separated through a
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process called ammonia cracking. It is liquid at higher temperatures than LH; and it
contains a greater amount of hydrogen per unit volume. It is used in the chemical
sector, while technologies exploiting this solution in aviation are at a low Technology
Readiness Level (TRL) [97].

Hydrogen can also react with metal alloys or intermetallic compounds to form
metal hydrides. Elemental hydrides are formed by hydrogen and a single element,
like lithium hydride (LiH) or aluminium hydride (AlH3). In interstitial hydrides,
hydrogen atoms are bonded to the structure of metals like palladium (palladium
hydride: PdHy), and Titanium (Titanium Iron Hydride: TiFeH;).In complex hydrides,
the hydrogen atom is part of a complex anion. Examples include lithium borohydride
(LiBH4) and sodium alanate (-NaAlH4). Overall, research has shown that elemental
hydrides can be safe and utilise the residual heat of other processes to operate. Still,
their performance is too low to be of interest for the mobility sector [93]. Interstitial
hydrides offer advantages in terms of safety. They operate at low pressures and are
quite compact. On the other hand, they have a low hydrogen-to-weight ratio, making
them unsuitable for airborne applications. Finally, complex hydrides offer interesting
potential in terms of weight and hydrogen storage capacity. However, the presence
of a catalyst and a precise thermal control system is often necessary, which increases
the weight, volume, and complexity of the storage solution [98, 99]. Materials-based
method solutions relying on absorption are also a field of research. In Fig. 4.10, three
among the most studied materials have been reported. They are all characterised by
a high porosity, thanks to which hydrogen can weakly bond to their surface. Carbon
nanotubes form C-H bonds with hydrogen; indeed, graphene is also a subject of
ongoing research. The porosity of carbon nanotubes can be tuned. Consequently, the
amount of hydrogen they can store depends on various parameters [100]. Zeolites
store hydrogen at cryogenic temperature, around 70 K, and release it at higher
temperatures. Despite offering economic and safety advantages, the operating
temperatures of zeolites require a temperature management system that is anything
but trivial [101]. Among the material-based methods, Metal-Organic Frameworks
(MOFs) exhibit a notable hydrogen storage capacity. However, typical values are
in the order of 9% in weight, which is too low for aeronautical applications, apart
from being costly and barely integrable on board [102]. Additionally, material-based

methods are also unsuitable due to their slow loading and/or unloading [103].

Overall, physical methods are technologically more mature than material-based
methods [104, 105, 106].
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Hence, in the analysis proposed here, to satisfy customer needs, the author chose
to investigate those storage technologies that are more mature, to comply with the
customer’s need for short-term industrial applicability. In the following sections,
the physical hydrogen storage methods will be explored, with a greater focus on
compressed and liquid hydrogen storage, which are more developed at the industrial
level.

4.4 Physical hydrogen storage methods

In physical storage methods, hydrogen is contained inside a tank. However, the
storage conditions entirely change the design of each vessel. As highlighted in Fig-
ure 4.11, three main options are available. Compressed gaseous hydrogen (region 2
in Fig. 4.11) is stored at room temperature at pressures ranging from 250 bar to
700 bar. Cryo-compressed hydrogen (region 3 in Fig. 4.11), is stored at cryogenic
temperature approximately between 30 K and 70 K. The operating pressures range
for CcH; can actually be broader than that reported in Figure 4.11, spanning from
200 bar to 1000 bar. Finally, liquid hydrogen is stored at temperatures around the
hydrogen boiling temperature (20 K and at pressures slightly above the external
environmental pressure. The main aspects of these three methods will be discussed
in more detail in the following sections. Among the three storage types, CH, and
LH; are mainly adopted mature. Compressed hydrogen is the most mature tech-
nology. In the mobility sector, it is already a well-established technology in the
automotive industry. It is an efficient technology, although it is more expensive
compared to traditional vehicles’ fuel tanks, and solutions for fast filling are yet to be
fully developed. Liquid hydrogen holds a much higher storage density. However, the
production and transport of liquid hydrogen is demanding both in terms of energy and
time. In addition, keeping the hydrogen at a low temperature to limit boil-off losses
significantly increases the system complexity [108]. In contrast, hydrogen stored
as a cryogenic compressed gas can achieve densities even higher than those of the
liquid. However, the combined effect of low temperatures and high pressures poses
several challenges to the tank’s integrity. Moreover, this technology still remains less
explored in aircraft applications [109, 94].

In any case, the transition from traditional fuel to hydrogen involves a substantial

change in the design approach to the storage system. To provide a preliminary
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Fig. 4.11 Hydrogen density vs. temperature for various pressure levels [107].

quantitative measure on how impactful the hydrogen fuel storage system is compared
to jet fuel, it can be useful to observe the chart published by the University of Cam-
bridge and the Aviation Impact Accelerator at the World Economic Forum (Fig 4.12.
Regardless of the fact that Figure 4.12 refers to 1 kW h of energy stored that does
not make it applicable to any case, the substantial impact of storage system mass
in hydrogen applications is immediately evident. In the case of jet fuel, the mass
of the fuel storage is, in practice, almost negligible, and values of the gravimetric
efficiency of the entire system approaching higher than 95% are reasonable. In
contrast, translating the graphical information into percentage values for CH; tanks
yields 6%, 10%, and 15%, for current, optimised, and future tanks, respectively.
Analogously, for LH, tanks, the mass of hydrogen corresponds to 20%, 60%, and
75% of the total storage system weight for the configurations just mentioned.

It is clear that the margin for improvement in the case of liquid hydrogen is sig-
nificantly greater than that of compressed hydrogen, which, even in the best-case
scenario, may not prove efficient enough to justify substantial resource investment.
Nevertheless, CH; remains a well-established technology currently suitable for

implementation during experimental and testing phases.
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Fig. 4.12 Comparison of the mass required to store 1 kWh of energy using hydrogen and
kerosene-based jet fuel across different tank configurations [110].

In the following sections, CH,, CcH,, and LH; will be further explored. However,
in light of the evidence gathered through the literature review and to satisfy the
customer’s need, the author will mainly focus on compressed and liquid hydrogen
storage systems.

4.4.1 Compressed hydrogen storage

Over the last two decades, the need to reduce the carbon footprint in aviation has
increased interest in the use of hydrogen fuel in both industry and academia. As
shown in Sec. 4.1, different prototypes have been manufactured to investigate the
use of hydrogen-based propulsion systems. Additional examples include the ZeroE
project developed by Airbus, and the RAPID 200-Fuel Cell, an aeroplane developed
within the European Union’s ENFICA-FC project coordinated by the Politecnico
di Torino [111]. Most of the experiments conducted rely on CH, storage. Indeed,
high-pressure vessels are the most widely adopted and mature technology in the
mobility sector, as also demonstrated by the relevant amount of studies that can be
found in the literature [112, 113, 114, 115, 116, 117].

High-pressure vessels are commonly classified into five types (Fig. 4.13). Type |
vessels are entirely made of metal. Type II are also made of metal, but the central

cylindrical part of the vessel is wrapped with composites. Types III, IV, and V are
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all fully wrapped in composite materials, but Type III has an internal metallic liner,
Type IV has a polymeric liner, while Type V has no liner and is therefore also called
"liner-less". This latter tank type is gaining considerable research interest, although

its commercial deployment remains limited [112].

Liner { al) ~ Boss{meta

4 I.m:rlm.l mer|

Type | | Typell ’ F/pr Type IV

Composite (fibs r + resin) (omposn i| &+ 1esin Composite (fiber + resin)

Fig. 4.13 Compressed hydrogen storage tank types [118]).

Typical values of the working pressure, and the gravimetric and volumetric
densities of the different Types of CHj; tank are reported in Table 4.2. Apart from
Type V vessels, which are still under research, the other four types exhibit different
characteristics that meet the requirements of various industrial applications. Type I
and Type II tanks are heavy but inexpensive. They are typically adopted in stationary
applications or for transportation of goods by trucks or trains. They are usually made
of steel and have an operational lifespan of about 15 years. Type III and Type IV
are more expensive, but being lightweight, they are suitable for mobile applications.
The internal liner materials are selected to be compatible with hydrogen, and their

service life can reach 20 years [108, 119].

Table 4.2 Working pressure and typical ranges of the gravimetric and volumetric density for
compressed hydrogen tanks (elaborated from [108, 119, 120, 86]).

Type Working pressure  Gravimetric density Volumetric density
(MPa) (%) (g/lL)

Type 1 17.5-20 1 14-17

Type 1 26.3-30 1.5 14-17

Type 111 35-70 2.4-5 35-40

Type IV 35-70 ~5 3840

Type V! up to 100 ~6.5 -

! Due to low technological maturity, gravimetric density value is and estimate elaborated
from the literature.
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Observing the values reported in Table 4.2, the tank properties, types, and
operating pressure levels can be immediately correlated. For increasing working
pressures, both the gravimetric and volumetric densities increase, describing an
improvement in tank performance. Moreover, it can be intuitively deduced that
the tank storage performance improves from Type I to Type IV due to the use
of more advanced materials, and further to Type V, where the absence of a liner
contributes to reducing the overall tank weight. This increase in gravimetric and
volumetric densities with increasing pressure reflects the physical properties of
hydrogen. Indeed, as shown in Fig.4.14, the density rises for increasing pressure

levels, as it is common for gases.
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Fig. 4.14 Hydrogen storage density vs. pressure at 275.15 K [103].

However, it is equally straightforward to demonstrate the inadequacy of this
conclusion. Roughly analysing the values reported in Fig.4.14, the density at 350 bar
is 25 kgm ™3, while the density at twice the pressure (700 bar) bar does not double but
it is equal to 42kgm™3. The trend is even smoother at higher pressures. Indeed, at
1000 bar the density is 52 kgm ™3, approximately twice of that at 350 bar. It becomes
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crucial to conduct further investigation, and it is also evident that there is a need for

a model capable of predicting the tank characteristics at different pressure levels.

Thus, further extensive research in the literature has been conducted. The existing
literature provides thorough analyses of hydrogen storage technologies, including
high-pressure composite tanks and cryogenic systems. It also features in-depth
modelling plus experimental validation for tank performance under operational con-
ditions [121, 122]. In aviation purposes, digital twins and multi-physics simulations
optimise tank configurations and improve structural integrity using cutting-edge
design techniques [123, 124]. Many studies, however, mainly experiment on a small
scale or perform digital simulations only. This limits the applicability of these find-
ings to full-scale aircraft systems. Since practical difficulties regarding large-scale
implementation are limited, the challenges of integrating hydrogen storage with
aircraft design, which include issues related to weight and volume, are still not fully
addressed [125, 122].

Focusing on the hydrogen vessel design for the mobility sector, where lightweight
is relevant, Types III, IV, and V are those mainly investigated, which, basically, are
made of three elements: the resin and the fiber, constituting the composite, and the
liner, which is absent in Type V vessels.

The resins, also known as matrices, are categorised into two types: thermoset and
thermoplastic. Thermoset resins are easier to process, and their manufacturing tech-
niques, such as resin transfer moulding and filament winding, are well-established
industrial knowledge. Epoxy resins are the most commonly adopted, even though
interest in vinyl-ester resins is increasing, mainly due to their lower densities, higher
burst pressures, and lower susceptibility to intra-laminar cracking. Conversely, the
thermo-mechanical cycles created by repeated refuelling operations can create severe
fatigue-induced damage.

On the other hand, thermoplastic matrices can be processed faster than thermosets,
are easier to repair, and are more easily recyclable. However, the high viscosity of
these resins makes the fiber impregnation process more difficult. Pre-impregnated
components, such as towpregs, may be suitable for addressing this issue, enabling
wider adoption. However, increasing interest in thermoplastic matrices is also due
to their potential suitability for Type V tanks. Several analyses are moving in this
direction, and some prototypes have also been manufactured [113, 112]. Addition-
ally, studies that, starting from the requirements needed from the resin, identify new

types of resins are also present in the literature [126].
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Moving to fibres, carbon fibre dominates the scene due to its strength, fatigue

resistance, and chemical stability, although it is expensive. The choice of the proper
fibre mainly depends on the application. Typical alternatives include glass fibres,
which are cheaper but less performing, and basalt fibre, which is also more affordable
and more environmentally sustainable compared to carbon fibre, although it is heavier.
Steel wire is better for stationary applications where a trade-off in favour of lower
prices is desirable. Aramid fibres also exhibit notable mechanical properties but at a
higher price. Recent studies also investigate the use of natural fibres and the impact
of different fibres made from the same material [112].
Despite the various options available, the vast majority of high-pressure hydrogen
storage vessels are made of carbon fibres. A further choice must be made between
the different types of carbon fibres. However, such a level of detail exceeds the scope
of the preliminary design phase conducted in the current study; therefore, typical or
average properties will be selected as needed [113].

The last of the main three elements composing the hydrogen vessel is the inner-
most layer, i.e., the liner. The choice of the proper liner is crucial as it must serve as
a barrier between hydrogen and the outer composite layer. Formally, the tank liner
shall prevent hydrogen penetration and resist or avoid hydrogen embrittlement (HE).
Indeed, hydrogen atoms are tiny and, especially for prolonged exposures at high pres-
sures and room temperature, they can permeate both metals and polymeric materials.
The result is a decrease in ductility and in the stress needed to initiate a crack inside
the material, which is commonly referred to as hydrogen embrittlement, but it is also
referred to as hydrogen-induced cracking or hydrogen-assisted cracking [127].
Assessing the material sensitivity to hydrogen embrittlement is an essential step in
choosing the proper liner. Type III vessels have a metallic liner. Generally, all metals
are susceptible to hydrogen embrittlement. Steels, nickel, titanium, and cobalt alloys
are all susceptible to HE, while stainless steels, copper, and aluminium alloys resist
HE better. In particular, it has been found that aluminium alloys 1100, 6061-T6, and
7075-T73, and stainless steels A286, 310, and 316 exhibit negligible susceptibility
to HE [119]. Polymeric materials composing the liner of Type IV tanks are also
prone to permeability. In this case, polyether-based materials are typically used, in-
cluding high-density polyethylene (HDPE), polyethylene (PE), polyamide (PA), and
polyethylene terephthalate (PET). Generally, polymers with a dense inner structure

are less susceptible to hydrogen permeation [113, 119].
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The selection of the material strongly influences the following fabrication process.
Traditionally, wet winding methods have been broadly adopted to fabricate composite
vessels. However, more recent and innovative techniques, such as tape winding,
automated fibre placement (AFP) for Type V vessels, and towpreg, are also under
development [113, 112, 128].

Overall, meaningful progress has been made to improve HE resistance and
improve gravimetric efficiency of Type IV and V vessels [121, 128]. Brand new
materials are explored through computational chemistry and machine learning tech-
niques [129]. At the same time, the application of promising materials, such as
graphene, to tank fabrications is being investigated, showing potential for perfor-
mance improvements [130, 131]. In contrast, the behaviour of novel materials in
long-term applications is still to be fully explored, and the transition from laboratory
to industry requires certification for aviation. For these reasons, obstacles to a wider
industrial implementation still have to be overcome [123, 124, 128]. Indeed, the
gravimetric efficiency of commercial tanks is now around 6%. However, flight
test data reported improved efficiencies up to 13%. Such results highlight margin
for improvements that could be achieved if research and development efforts are
sustained [132].

At this point, it can be helpful to introduce a more detailed classification method
supporting the choice of the proper tank configuration. The data reported in Table 4.3
is intentionally limited to those tanks that are most promising for on-board applica-
tion, however an extended analysis can be retrieved from the literature [113].

The Type names are assigned according to the format: Type N - X Y Z, where:

* N is the tank Type (I, II, III, IV, or V).
* X is the reinforcement type, and it can alternatively be:

— M: metal wire,
— F: fibre,

— H: hybrid, expressing a combination of M and F.
* Y is the matrix type, and it can alternatively be:

— S: thermoset,

— P: thermoplastic.
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 Z express the type of winding process:

— W: wet winding,

— T: tape placement.

Table 4.3 CH, Type IV sub-types and Type V vessels cost and weight comparison [113]

Type Resin! Fiber>  Cost  Light Weight
Type IV—FSW? TS CF  very-low high
Type IV—FST TS CF low very-high
Type IV—FPT TP CF low very-high
Type IV—FPW TP CF low very-high
Type IV—MSW TS SW  very-high low

\% TS/TP  CF low very-high

U'TS = Thermoset, TP = Thermoplastic. > CF = Carbon Fiber; SW = Steel Wire. 3 Most
common configuration.

The features of the tanks that are mainly relevant to the current analysis are also
reported in Table 4.3 and expressed on a five-level scale, ranging from very low to
low, average, high, and very high. Apart from the Type V vessel that is at a lower
TRL, it can be observed that the Type IV tanks fabricated with carbon fibres (CF)
are all at a high or very-high level in terms of lightweight. The first one is also very
low-cost, probably due to its broad adoption. It can be preliminarily concluded that,
depending on the available resources and manufacturing constraints, due to very
strict mass and volume constraints, the choice of a hydrogen vessel for aeronautical
applications to be tested in the short term will likely fall within one of these options.

Several studies have deepened the economic aspects of hydrogen storage in
aviation, including analyses of cost reduction through advanced manufacturing
methods and economies of scale [133, 113]. Studies have also highlighted the impact
of design optimisation on reducing system weight and cost [134]. However, from
a macroscopic point of view, production volumes are low, and the infrastructure
is costly and still to be built. Forecasts are often based on optimistic assumptions,
including very high technological targets and relevant support from institutions and
policymakers, which are not yet assured. In addition, hydrogen competitiveness is
significantly lower than that of traditional fuels, discouraging short-term utilisation
if not stimulated by institutional funds supporting the development of the new
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technologies [135].

Given that the present study focuses on analysing the storage system with an emphasis
on technical aspects, it can be concluded that composite materials are also cost-
effective. Indeed, composite hydrogen vessels are lightweight, easy to fabricate,
reducing manufacturing expenses, have a long operational life, and require minimal
maintenance during service. All these characteristics contribute to reducing the

overall life-cycle costs [114].

Additional aspects worth mentioning include the integration of the storage system
onboard and safety considerations. Explorations on the integration of the storage
system into the aircraft highlight the need for a holistic approach that considers both
other systems, such as the fuel-cell and thermal management systems, as well as the
installation analysis aimed at guaranteeing the aircraft’s balance, and the refuelling
system [136, 134]. Considering the substantial changes introduced by hydrogen fuel
storage systems, a redesign of the entire aircraft may be necessary, along with further
analysis to quantify the impact on aircraft performance and operations, thereby
providing a system-level validation [125, 122]. Moreover, airports’ infrastructure
and regulatory standards are still at an early stage of development, even though they

should evolve concurrently [137].

Concerning safety, studies analysing hydrogen’s flammability, diffusivity, and
embrittlement, and proposing measures addressing safe containment and leak pre-
vention can be found in the literature [138, 137]. Additional measures related to
structural health monitoring can also be useful to decrease the risk of failure [123,
139]. However, extended analyses and comprehensive standards providing guidelines
are yet to be fully developed [132].

Environmental impact and refuelling are also topics under investigation. Even if
they will be briefly introduced here, there are lines of research in the literature that
primarily focus on these aspects. SAE J2601 is the standard commonly referred to
for refuelling activities using compressed hydrogen. It provides guidance through
qualitative and quantitative data such as the working pressures and the hydrogen
filling rate [126]. An operational window for refuelling has also been elaborated
from the SAE J2601 standard [140]. Indeed, the temperature and state of charge
(SOC) of the hydrogen tank during refuelling depend on many factors, and it has
been observed that pre-cooling the hydrogen to control its inlet temperature and

regulating the filling rate are crucial if fast filling operations are to be achieved [108].
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However, it is worth noting that the SAE J2601 standard primarily applies to the
automotive sector. At the moment of writing, reference standards for refuelling

operations at airports have not been published yet.

Most publications in the literature investigate different aspects of hydrogen,
primarily with the aim of obtaining environmental benefits [141]. Indeed, a multitude
of studies related to emission abatement, greenhouse gases, carbon footprint, contrail
reduction, net-zero emissions goals, energy supply, comparisons with traditional
fuels, and other environmental aspects can be found in the literature [3, 2, 142, 143,
144, 145, 146, 147, 148, 1, 114]. Environmental issues are now one of the most
critical concerns to be addressed in aviation, as well as in other sectors. These
aspects are becoming increasingly important, although the evaluation and analysis
techniques are still under development. Therefore, at this stage, a preliminary study

is carried out, focusing primarily on the other aspects mentioned above.

Future research trends in compressed hydrogen storage encompass various in-
novative solutions. As previously mentioned, Type V tanks are among the most
promising solutions, despite still having some open issues. The absence of a liner
further reduces the complexity of these vessels, thereby avoiding concerns about
the thermo-mechanical compatibility between the materials that compose the inner
and outer layers. However, the composites should be designed to avoid hydrogen
permeation and embrittlement by using reliable, microcrack-resistant resins or barrier
coatings. A proposed solution is to embed nanoparticles inside the resins, thereby
reducing their permeability. Encouraging results have been obtained after labora-
tory tests, but the path to potential industrial commercialisation still needs to be
explored [113, 112].

Less popular solutions include the use of glass capillaries, hollow glass microspheres,
or carbon nanotubes. Glass capillaries are long and thin glass tubes, with diame-
ters ranging from a few microns to a few millimetres. They can store hydrogen at
pressures up to 1500 bar. Glass capillaries seem a promising solution due to their
low susceptibility to hydrogen permeation and high geometric flexibility, allowing
them to be used individually or bundled and to adapt effectively to the available
space [103].

Another method for storing hydrogen is the use of hollow glass microspheres
(HGMs). They are not a new technology, as they were first introduced in 1977,
demonstrating at that time that HGMs could meet U.S. DoE targets. However, re-
cent studies investigated their usage due to HGMs’ capability of storing hydrogen
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safely and at high pressures. In addition, investigations to assess the possibility of
producing HGMs from recycled materials are also ongoing [149, 119].

Carbon nanotubes (CNTs) are cylindrical nanostructures made of carbon atoms.
They have exceptional mechanical properties while being lightweight and resistant
to hydrogen operation. The use of CNTs in tank manufacturing can notably reduce
the weight and volume of the vessels while increasing their lifespan. Experiments
incorporating CNTs within the composite structure resulted in a 30% increase in
burst pressure and a 75% reduction in weight [114].

Another study explores the possibility of increasing the vessel by wrapping it with an
insulating layer, enabling it to store both compressed and liquid hydrogen. Tests have
also been conducted to assess the possibility of commercial high-pressure vessels
working at cryogenic temperatures. No significant damages or performance losses
have been detected. However, safety issues still need to be fully addressed, and
a comprehensive characterisation of materials behaviour under cryogenic fatigue

phenomena should be conducted [150].

In conclusion, despite several ongoing research trends in compressed hydrogen
storage, composite pressure vessels remain the most widely adopted solution in
all industrial sectors where lightweight solutions are necessary. Forecasts estimate
the market value growing from 1.7 billion dollars in 2024, to 5.2 billion in 2030,
following a compound annual growth rate CAGR of 19.7%. While fuel cell electric
vehicles (FCVEs) are considered the main driver in the development of hydrogen
storage vessels, space and aviation also play a significant role [151]. Reinforced by
robust industrial knowledge and excellent mechanical properties, composite pressure
vessels are in a strong position to remain the preferred solution for next-generation

energy and mobility systems.

4.4.2 Liquid hydrogen storage

Liquid hydrogen has a higher density (70 kgm™3) compared to compressed gaseous
hydrogen (24 kgm 3 at 350 bar and 40 kgm > at 700 bar), is stored at cryogenic tem-
peratures (—253 °C), and is the most promising candidate for aerospace applications.
In contrast, the hydrogen liquefaction costs are high, accounting for approximately
30% of the LH, energy content. In addition, LH; storage suffers from evaporation
losses, which are indeed a key driver during design [71]. These and other relevant
aspects will be investigated throughout the current study.
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After an extensive review of the literature, the author identified several topics
worth mentioning and different research trends. Specifically, most of the publica-
tions cover two macro-areas. The first one includes aircraft-level analyses, such as
retrofitting of existing aircraft, investigating the replacement of thermal powertrains
with hybrid-electric solutions ([152, 153, 154, 155, 156, 157, 158]), designs tailored
for specific aircraft types or completely unexplored solutions ([5, 71, 159, 160, 161]),
as well as methodologies for design and optimisation including the whole aircraft and
its subsystems ([132, 162, 163, 75]). Instead, the second category encompasses more
detailed analysis focusing on the hydrogen tank ([164, 165]), or on specific aspects of
its design, such as analyses of vessel insulating techniques, including well assessed
and innovative solutions like the use of vapour-cooled shields ([166, 167, 168]),
advanced cryogenic cooling insulation systems ([169]), advanced supports ([79]),
and hollow glass microspheres ([170]).

Overall, the design approaches identified in the literature fall into one of two cate-
gories: one emphasising a holistic system approach, and the other focusing more
on the detailed exploration of specific aspects. However, the several publications
identified are all very valuable, even though their suitability may vary depending on

the problem under investigation.

In this section, studies from both categories mentioned are retrieved, aiming
to explore the main aspects related to the liquid hydrogen storage and distribution
system. However, it was considered appropriate to start the analysis with a section

focusing on the properties and behaviour of cryogenic hydrogen.

Hydrogen cryogenic properties and behaviour

Before analysing the several issues involved with liquid hydrogen storage systems, it
is helpful to understand the cryogenic properties and behaviour of hydrogen, to avoid
making unrealistic assumptions or setting unfeasible design parameters. Therefore,
a brief description of hydrogen liquefaction and its properties will be presented in
the following section.

Hydrogen is typically stored in liquid form at a temperature around 20.39 K,
corresponding to its boiling point at room temperature (Fig. 4.15. There are various
processes for liquefying hydrogen. The Linde cycle, also known as the Joule-
Thomson cycle, is the most popular, but others, such as the Claude cycle, the
Linde cycle with double expansion, and the Haydlandt cycle, are also used. In
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the Linde cycle, hydrogen is liquefied through sequential stages of compression,
cooling, and expansion. However, it must be cooled down below its inversion
temperature of 200 K. Indeed, when hydrogen undergoes an expansion, it warms
up if its temperature is above 200 K and it cools down if its temperature is below.
Through liquefaction, hydrogen reaches a density of 70.79 kgm ™3, which is notably
higher than gaseous hydrogen. However, being one-fourteenth as dense as water,
it is one of the lightest liquids in nature. The ideal liquefaction work for hydrogen
is relatively high (3.228 kWhkg~!) if compared to other substances like nitrogen
(0.207kWhkg™1), even if increasing the pressures involved in the cycle, the ideal
liquefaction work can be decreased by 25-30% [171]. Undoubtedly, one of the main
issues is that hydrogen liquefaction is an energy-intensive process, requiring from
25% to 40% of the energy contained in the hydrogen itself [114].

Looking at diagrams in Figure 4.15 and Figure 4.16, it can be easily depicted how
hydrogen stays in liquid in a quite limited range of pressure and temperatures.
Such "LH; window" must be carefully considered, especially during the dynamic
system modelling. Preliminary estimates would set the vessel’s maximum operating
pressure around 6 bar and its operating temperature below 30 K, even though a more
cautious approach may suggest setting it equal to or below the boiling temperature
of 20.3 K also considering that hydrogen cannot condense for temperature below
33 K [172]. However, the technical feasibility of a storage system guaranteeing such
storage conditions should be assessed, even though few tools are available to predict
the behaviour of hydrogen cryogenic systems, and their suitability to aerospace
applications should be verified [173].

A peculiar behaviour of hydrogen is the ortho-para transition. The hydrogen
molecule is made of two atoms that can have equal direction of spinning (ortho-
hydrogen: o-H,) or opposite direction (para-hydrogen: p-H;). As shown in Fig-
ure 4.17, the fraction of ortho and para hydrogen depends on the fluid temperature.
At room temperature, hydrogen is composed of 25% p-H, and 75% o-H;. Through
liquefaction, the composition changes to 99.8% p-H; and 0.2% o-H; [164]. In prac-
tice, liquid hydrogen is composed entirely of para-hydrogen. The process is referred
to as "ortho-to-para” transition and generates a heat of conversion of 527.14 kJkg~'.
Reminding that the liquid hydrogen’s latent heat of vaporisation is 446 kJkg ™!, the
ortho-to-para conversion may theoretically cause the evaporation of approximately
50% of the liquid hydrogen stored in approximately ten days. The exact time re-

quired for ortho-to-para conversion to take place can vary significantly and may
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theoretically last for weeks or even months [172].

Nevertheless, this issue is avoided through the use of catalysts that accelerate the
ortho-to-para hydrogen conversion, thus ensuring a para-hydrogen fraction within the
liquid of nearly 100%. In the following chapters, it will be assumed that the liquid
hydrogen has a negligible fraction of ortho-H,, and the effects of the ortho-to-para
conversion will not be taken into account. On the other hand, the impact of the
para-to-ortho transition will not be considered once hydrogen is heated up. Two
primary considerations justify this latter assumption. Firstly, the para-to-ortho con-
version is an endothermic process that absorbs hydrogen and would not generate any
evaporation. Secondly, as a preliminary consideration, hydrogen will be extracted
from the tank, heated, and then fed into an engine or a fuel cell just a few seconds
later. Such short time intervals make the conversion from para- to ortho-hydrogen
impossible [174, 171]. However, if precise estimates of the transition time are

needed, one could refer to various references in the literature [175, 176, 177, 178].

Considering the sizing activities that will be performed in the following, it
can be helpful to briefly observe how few of the main hydrogen properties vary
with temperature. Then, throughout the design, other properties will be computed
or retrieved from the literature whenever needed [179]. Generally, considerable
variations occur in the thermo-physical properties where rotational heat capacity is
relevant [180]. Thus, in the following, hydrogen’s ideal-gas enthalpy (Fig. 4.18),
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isobaric heat capacity (Fig. 4.19), and thermal conductivity (Fig. 4.20) are reported.
The properties follow different curves depending on the ortho-para composition. If
not specified, normal hydrogen typically corresponds to the para-ortho composition

at that specific temperature [176].
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It can be immediately perceived that these properties vary significantly with tem-
perature, even under the assumption of 100% para-H, fraction at any temperature.

Moving from cryogenic temperatures up to 400 K, ideal-gas enthalpy increases ap-
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proximately by a factor of six. At the same time, the isobaric heat capacity spans from
21Jmol 'K to 28 Jmol ! K, reaching its maximum of about 33J mol~! K around
160 K. The trend of thermal conductivity is more linear, but its increase is far more
pronounced, ranging from 20mWm~! K at 20K to approximately 180 mWm™' K
at 300 K.

From the design point of view, assumptions involving constant hydrogen proper-
ties over wide temperature ranges should be taken very carefully, as they could prove
to be so strong that they would invalidate any meaningful analysis. In contrast, being
aware of such variations in properties, confident design choices can take advantage
of the natural behaviour of hydrogen and exploit it, for example, in the design of
a conditioning system that performs specific functions within certain temperature

ranges, where the intrinsic properties of hydrogen make it easier to achieve.

Liquid hydrogen tank configuration

In the current section, an overview of the main aspects concerning the design will
be proposed. Typically, LH;, vessels present a multilayered structure. Thus, the
discussion will begin with the innermost layer, directly in contact with hydrogen,
before proceeding to the external insulating layer. A discussion about integral vs.
non-integral solutions will also be proposed, and, finally, a few words will be spent
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on the tank supports, representing the connecting elements between the aircraft
fuselage and the LH, tank.

Structural layer The innermost layer is the one in contact with hydrogen, and
it should therefore be capable of operating at cryogenic temperatures and resisting
hydrogen permeation, so as not to be affected by hydrogen embrittlement (HE).
There are different types of embrittlement, including hydrogen environmental em-
brittlement, internal embrittlement, and reaction embrittlement. The main factors
influencing embrittlement are the conditions at which hydrogen is stored, the stresses
applied, and the type of material. In any case, embrittlement can seriously affect the

properties of the material in contact with hydrogen [181].

Moreover, the innermost layer should also withstand the mechanical stresses
caused by internal storage pressure and liquid sloshing. This is the reason why it

will also be referred to as the mechanical layer or the structural layer.

Candidate materials must comply with a series of requirements. Apart from being
lightweight, the selected material should be fully characterised both at ambient and
cryogenic temperatures. So the static behaviour, fatigue behaviour, crack propagation
mechanisms, ductile-to-brittle transition, and hydrogen interaction under prolonged
exposures should be well-assessed [173, 182]. These aspects, in addition to the
customer’s need for a solution at a reasonably high Technology Readiness Level
(TRL), that is approximately above TRL 6 or 7, significantly narrow the spectrum of
available options to well-assessed materials. In contrast, the need for characterising
novel materials, like composites, remains critical [77]. Studies in the literature
identify aluminium alloys as the most suitable structural material. It has been
previously adopted in various projects, such as the AIRBUS ZEROe and the Boeing
Phantom Eye, and its fatigue behaviour under cryogenic conditions has been widely
investigated. Specifically, alloy Al 2219 is pointed out in several analyses [77, 162,
75, 163]. However, other alloys are also used, such as the Al 2014, with a minimum
thickness of 5 mm due to manufacturing constraints, the Al 5083, showing better
characteristics after welding, and the Al 2195, which has been used in the Ariane
space rocket project and exhibits better characteristics than the Al 2219 over all
temperatures [183, 184, 164, 167, 185].
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Thermal layer Moving to the outer layer, the thermal insulation can be found.
Due to the need to maintain a cryogenic environment inside the tank, the thermal
design is one of the most extensively investigated topics in the literature. There
are studies in the literature that evaluated the hypothesis of placing the insulating
layer in contact with hydrogen. However, insulating materials typically do not hold
relevant structural properties, and they are not meant to be in contact with hydrogen.
Additionally, the outermost layer should also prevent the penetration of air inside the
tank layers, as it would condense and then freeze, reducing insulation performance
and increasing system weight. Air penetration is typically avoided using vacuum
jackets that should maintain a vacuum level of at least 0.001 33 bar, while the air
already present inside the system is usually purged with helium or nitrogen. Placing
the insulating layer internally results in having the mechanical layer externally,
allowing it to operate at environmental temperatures. This eliminates the need to
address its thermal contractions and expansions and simplifies the fixation of supports.
However, avoiding the diffusion of hydrogen into the thermal layer is hardly feasible,
and the consequent rise in thermal conductivity of the insulating material would
not be acceptable [165]. Indeed, in most of the studies, the configuration with the

external thermal layer is preferred [165, 71]

Before going into details, it is worth mentioning that, at the system level, two
types of solutions can be applied, defined as passive and active insulation. Active
insulation implies cooling the tank through a conditioning system. Consequently,
a set of components must be designed and installed onboard. On the other hand,
passive insulation relies on the use of materials or analogous solutions that do not
require additional components. The primary difference between the two approaches
lies in their energy consumption. Active insulation systems require a continuous
supply of energy, whereas passive insulation systems do not. Most studies employ
passive insulation. Very few analyses have mentioned that active insulation may
be potentially investigated for very large aircraft performing long flights, where
the amount of energy spent to power an active insulation system could be very low
compared to the energy required by the aircraft. An additional advantage of the
active cooling system is the ability to regulate the hydrogen temperature and its
evaporation rate, thereby controlling the tank’s internal pressure. However, there is
no practical evidence of the benefits of active insulation systems due to their low
TRL, i.e., below TRL 4 [173].

Overall, passive insulation is preferred because it does not add complexity to the
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system, is more technologically mature, and requires no energy supply, making it
more suitable for critical applications where lightweight structure is fundamental.

This is why passive insulation will be used in the current analysis.

There are various solutions, some are more traditional, consisting simply of one
or more layers of materials wrapped around the tank, while others employ more

innovative solutions, such as vapour-cooled shields.

The main driver in the selection of the insulating material is lightweight, which
translates into materials characterised by low thermal conductivity, low thermal
diffusivity, and low density [186]. In practice, a lower thermal conductivity (k)
reduces the steady-state heat flux into the tank, while a lower thermal diffusivity
(a) extends the time needed to reach equilibrium with the external environment. In
addition, their ratio (k/a) expresses the material’s capacity to retain energy. Once
the storage system is cooled down, it will require more thermal energy to return
to equilibrium conditions, resulting in a tank with higher performance [165]. In
addition, the capacity of dealing with large expansions and contractions is also
relevant [183].

Typical insulating solutions include the use of foams, which are simple and
lightweight, multi-layer insulation (MLI), vacuum insulation, which is more effective
but usually heavier, or a combination of the two [173]. Foams, aerogels, and MLI are
investigated by Winnefeld et. al, who identified Rohacell-foam as an ideal candidate
satisfying all the requirements, even compared to MLI [165]. Instead, Verstraete
preferred using high vacuum insulation coupled with MLI. However, a failure of the
vacuum jacket would result in a fast decrease of the vessel’s insulating capacity, so
he decided also to explore foam-based solutions. Moreover, the use of foams may
require only one tank wall, which is the inner structural layer, whereas a vacuum
layer requires at least two walls, making the weight advantages questionable and
necessitating quantitative analyses [183]. Indeed, other studies identify the vacuum

insulation as thermally more efficient but heavier [173].

Apart from considering the characteristics separately, the compatibility between
the mechanical and thermal layers should also be investigated. At the preliminary
level, this is typically done by comparing the thermal expansion coefficients of the
selected materials. However, to obtain an initial estimate of the system’s weight and

volume, this aspect is often neglected in favour of other aspects [165].
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Integral vs. non-integral Considering the LH; tank installation into the aircraft,
two configurations are possible: integral or non-integral tank. Integral tanks are
designed to be part of the airframe and utilise the fuselage’s structural elements as
part of the tank structure. In a certain sense, the fuel tank and the aircraft structure
are merged into a single structural entity. On the other hand, a non-integral tank can
be seen as an element that is built separately and then installed inside the aircraft,
fixed to the aircraft structure using supports. Integral tanks are more challenging
to inspect, install, remove, and even model, test, and certify. In non-integral tanks,
thermal expansion and mechanical stresses are easier to manage, even though the
solutions for attaching the tank to the airframe, i.e., the supports, should be carefully
designed [173]. These considerations are generally shared in the literature, even
though there can be exceptions. For instance, studies suggest that repairing an
integral tank is easier because it is sufficient to remove part of the external skin of the
aircraft, whereas fixing a non-integral tank requires extracting it from the fuselage,
making the operation significantly more complex [183]. In this specific case, each
solution should be investigated individually. In general, integral tanks should be
lighter, ensuring higher gravimetric efficiencies, while non-integral tanks should be
easier to design but heavier. Nonetheless, a final remark should be made. Regardless
of the choice between integral and non-integral configurations, liquid hydrogen
must be stored in an enclosed volume, and a specific insulation thickness should be
guaranteed. So, even if an integral tank is selected, hydrogen cannot be in contact
with any structural element, because it would be subject to hydrogen permeation and
cryogenic temperatures. In substance, integral LH; tanks still require an enclosed
volume wrapped with a layer of insulation. Indeed, they cannot be approached
like a kerosene tank, because the structural elements of the fuselage should be
designed against hydrogen penetration, they should avoid leakages of gaseous or
liquid hydrogen and be designed to operate in a temperature range spanning from a
few Kelvin degrees to more than 300 K, significantly hindering the aircraft feasibility.

Tank supports After an extensive review of the literature, it has been noted that
tank supports are typically less investigated. However, they are crucial elements
as they should adequately support the vessel, avoiding any fracture or damage
that would cause hydrogen leakages even in the case of hard landings. Moreover,
supports should accommodate any contraction and expansion of the vessel while

minimising the heat flow. Reminding that the LH, tank configuration to be analysed
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Fig. 4.21 Typical supports in double walled containers [182].

in the following has an internal structural layer wrapped in insulation, the supports
should be attached to the thermal layer. This would mean that the insulating layer
should withstand the weight of the vessel itself. However, due to the poor structural
properties typical of insulating materials, this solution is often not feasible. Thus, the
supports should be attached to the innermost structural layer. The supports and the
mechanical layer are both made of metallic alloys mainly because, being structural
elements meant to work at cryogenic temperatures, they are not characterised by
a ductile-to-brittle transition, which would make them fragile and poorly suitable,
especially in the case of impact or severe dynamic loads. In contrast, they should
also be designed to minimise the heat inflow into the tank [187, 188]. Standard
supports for minimising heat leakages are already present in the market, especially
in sectors working with liquid natural gas (Figure 4.21).

An interesting approach is that of minimising the contact between surfaces, which
somehow applies the same logic used in ball bearings to minimise friction between
moving parts. Experiments have been conducted, showing that the heat leakages
through supports were reduced by 85% using ceramic balls, and, even though the
maximum stresses, which have been investigated using the Hertz theory, can be nine
times larger, the structural requirements were still met [82, 79]. At a preliminary
design level, the heat transfer through the tank wall has been increased by 30% to
account for the pipes and supports [183]. Another design utilises G-10 CR supports
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to connect the inner and outer shells of a 6 L LH; tank. G-10 CR are composite
tubes made of fibreglass and epoxy resin specifically manufactured for cryogenic
environments. It is interesting to note that these particular pipes serve not only as
structural support but also to refill and extract hydrogen from the vessel [189].
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Fig. 4.22 Innovative tank supports: (a) minimum contact ceramic ball-based supports [79],
and (b) configuration of a 6 L. LH, tank with G-10 CR supports (b) [189].

Overall, it can be concluded that, regardless of the case-specific solution, supports
are fundamental elements in the design of hydrogen vessels. During conceptual
design, can be approximated by increasing the heat influx, but in the subsequent

design phases, they should be carefully designed to meet both structural and thermal
requirements.
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4.4.3 Cryo-compressed hydrogen storage

For the sake of completeness, the last of the three main physical hydrogen storage
methods will also be briefly introduced in the current section, even if it will not be
explored through quantitative analysis.

Cryo-compressed hydrogen (CcH,) tanks operate at low temperatures and relatively
moderate pressure. CcH, density can higher than LH; density (Fig. 4.23). For
example, CcH, stored at 240 bar has a density of 87 kgm— while the LH, maximum
density is approximately 71kgm™3. As it can be depicted from Figure 4.23, the
advantages of CcH, are more pronounced up to 20 MPa. At higher pressures, the
increasing weight of the tank may not justify the slight increase in density. Typically,
operating temperatures span between 30 K and 80 K, while pressures range between
100 bar to 300 bar [171].
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Fig. 4.23 CryoH2 density ( [171]).

Practically speaking, CcH; vessels can be placed halfway between compressed
and liquid hydrogen tanks. The large volumes required and the high pressures needed
by the CH; tank are here reduced, while the issues related to boil-off losses are
here overcome. Indeed, the vessel’s capability to withstand high pressures allows
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the internal pressure to increase without venting hydrogen, thereby extending the
dormancy periods. Moreover, operating at lower pressures compared to CH, tanks,
that usually operates at 350 bar or 700 bar, CcH, vessels requires composites and
this turns into lower costs [114].

Another advantage of CcHj; tanks derives from the fact that they are designed to
both withstand relatively high pressures and to be thermally isolated. However, these
systems may also be used to store CH; at room temperature, or LH; at environmental
pressure, significantly enhancing the flexibility of CcH; tanks, which, in case of
missing infrastructures, can be alternatively refuelled with gaseous or liquid hydro-
gen [171].

In addition, the production of CcH, requires approximately 10 MJ kg™

, correspond-
ing to 50% — 70% of the work needed for hydrogen liquefaction and to the work
required to compress hydrogen to approximately 500 bar [190].

On the other hand, the presence of cyclic stresses generated by the combined
effects of cryogenic temperatures and high pressures poses several challenges to the
tank design. Apart from being capable of withstanding such stresses, CcH, tanks
should accommodate more pronounced deformations. The building materials, which
also encompass composites, should maintain their properties under any working
conditions and for long-time periods, to ensure the tank safety and durability [171,
114]. There are studies investigating liner-less cryogenic vessels, as well as the
application of graphene or carbon nanotubes based composites, but they are at a low
maturity level [191, 192, 193].

Cryo-compressed hydrogen exhibits great potential worth further investigation.
However, this technology is less mature compared to compressed and liquid storage.
The scalability of CcHj; is yet to be assessed, as well as the materials behaviour
under cyclic cryogenic thermo-mechanical loads and hydrogen embrittlement phe-
nomena. This is the main reason why CcH; will not be considered in the following
analysis [109, 191, 194, 195].



Chapter 5

MBSE applied to hydrogen storage
and distribution system for UAVs

In this chapter, the suitability of Systems Engineering for the design of UAVs is
first explored (Sec. 5.1). Then, a conceptual path for the application of MBSE is
delineated (Sec. 5.2). The core of the study starts with the examination of customer’s
needs (Sec. 5.3), followed by a simplified RFL analysis applied to the UAV, aimed
at showing the design thread linking the very first step, i.e. the customer’s needs,
to the identification of the hydrogen storage and distribution system. The analysis
applied to the UAV can be helpful both for understanding the methodology and for
providing a more comprehensive analysis. Then, before continuing to apply MBSE
to the HoSDSys, a feasibility analysis to assess the possibility for retrofitting the
Predator and the Global Hawk UAVs is proposed, together with the description of
the Python parametric sizing model used to carry out the analysis (Sec. 5.5). The
outcomes revealed that retrofitting activities would lead to UAVs exhibiting poorer
performance with respect to their traditional configuration based on aviation fuel,
thus addressing further analysis towards the design of entirely new aircraft concepts.
Due to time constraints, the study proceeds with the application of the MBSE design
path to the Predator UAV only (Sec. 5.6). The requirements have been elicited and
managed, the functional analysis is deployed, the functional architecture is proposed,
and the systems architecture is drawn. The outcomes of the dynamic analysis of the
system are finally traced, providing interesting insights relevant for further design

steps.
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5.1 Systems Engineering for the design of UAVs

The UAVs are systems composed of several subsystems, and sub-systems part of a
larger system, namely the Unmanned Aerial System (UAS). Formally, the UAS can
be defined as "a group of coordinated multidisciplinary elements for an aerial mission
by employing various payloads in flying vehicle(s)", while UAVs are "remotely
piloted or self-piloted aircraft that can carry payloads" [38]. These systems nested
inside other systems are defined in the literature as System-of-Systems (SoS). A SoS
is defined as “a collection of systems, each capable of independent operation, that
interoperate together to achieve additional desired capabilities.” [37]. Practically
speaking, the UAS include multiple sub-systems, and one of them is the UAV.
Regardless of the UAV type, all the UAS used for large UAVs such as MALE or
HALE types share a series of main sub-systems [38, 34]:

 UAV

e ground control station

* payload

* launch and recovery system

* maintenance and support system

Actually, these systems can be seen as those to be designed or, at least, strictly
needed to ensure that the UAS can operate.
A series of sub-systems can also be identified in the UAVs, which are typically
composed of [38]:

* flight control subsystem,

e power transmission subsystem,
e fuel subsystem,

e airframe subsystem,

e propulsion system,

* landing system,
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* payload.

Being UAVs complex systems characterised by high costs and high risk, they
are an ideal candidate for the application of SE. Traditionally, this process involves
starting with the definition of requirements, followed by functional analysis and allo-
cation, design synthesis, and validation. The design should comprehend the whole
life cycle of the system, properly applying SE principles, concepts, methodologies
and tools. Moreover, the purposes must be clear from the beginning, and the product
must be competitive in the market. The design should concurrently consider several
factors, both concerned with the customer needs and life-cycle aspects, including
manufacturing, testing, maintenance, logistics, costs, upgrades, decommissioning,
satisfying requirements related to performance, stability, operational effectiveness,
survivability, interoperability, autonomy, while complying with all the applicable
standards [38, 196]. The risk of failure can be dramatically high when dealing
with such complex systems, and the need to follow a well-structured procedure
becomes imperative. This is why the application of MBSE, together with a rigorous

methodology, a proper language, and suitable tools, is explored in the current study.

5.2 MBSE conceptual design path

The proposed MBSE design approach has been selected to satisfy the general cus-
tomer’s need for exploring the application of MBSE in an agile manner, to explore
its potential, and to establish a preliminary, albeit general, framework for its appli-
cation in the initial design phases capable of supporting the first interactions with
stakeholders.

The concepts highlighted by the V diagrams (Fig. 5.1) have been primarily followed,
along with practical guidelines proposed by the MagicGrid® framework (Fig. 5.2) [6,
197].

The design path followed can be better depicted in Fig. 5.3, somehow representing
a combination of the two V diagrams in Fig. 5.1. The analysis starts from the
customer’s needs that cover both methodological aspects, related to the application
of MBSE, and technological elements, concerned with the modelling of the hydrogen
storage and distribution system. Then, in theory, the requirements, functional, logical,
and physical analyses ("RFLP", V diagram on the left-hand side of Fig. 5.1) should
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be applied at the system, subsystem, and component levels (blue label on the left side
of Fig. 5.3). The desired level of detail, i.e., the granularity, depends on the objectives
of each specific analysis. A black-box white-box approach is applied at each level of
detail (grey and white areas within the analysis column in Fig. 5.3). The underlying
logic of this approach can be easily understood from Fig. 5.4. Whenever a system,
subsystem, or component is analysed, the black-box approach takes into account all
aspects external to the system, such as scenarios, interfacing systems, actors, and
stakeholders having any interaction with the object under analysis. In contrast, in
the white-box approach, the box itself is somehow opened, and the internal elements
composing the system are identified. The functions to be performed can then be

allocated to the subsystems or to the components, which together compose the
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system’s architecture.

Summarising, the RFLP analyses are subdivided into black-box and white-box
approaches, which are applied at each level of detail within the system. As the
design progresses, new elements emerge, such as new requirements, functions,
or actors, making the design path characterised by several iterations, which are
indicated by yellow circular arrows in the V diagram on the right side of Fig. 5.1.
An additional element of paramount relevance is the interactions between the left

BLACK-BOX WHITE-BOX

Context External

Interfaces Internal architecture

Scenarios Sub-systems
Sub-functions
Use cases
Stakeholders Actors

Fig. 5.4 Black-box white-box approach.

and right branches of the V diagram (horizontal arrows in the V diagram on the left
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of Fig. 5.1). Indeed, among the various graphical representations of the life-cycle
design that can be found in the literature, the V diagram emphasises the interactions
between the left-branch, typically containing engineering design-related activities,
and the right-branch, which includes production-related activities such as integration,
prototyping, testing, manufacturing, homologation, and disposal. Such interaction
is implemented in the current analysis through constant communication with other
stakeholders, within the limits of the undertaken activities. A practical example can
be depicted from Fig. 5.5, the author of the current analysis has been in charge of the
H,SDSys, and has been including into the analysis both requirements and constraints
resulted by the activities conducted with a system supplier and with other systems
engineers responsible for the other systems at the interface with the HySDSys, such

as the thermal managements system (TMS).

o} o}
m D —— — > m < R —>
System System Head System Head System
* Requirements Requirements
»  Constraint Constraint
+  Design adjustments * Interfaces Design adjustments
Models +  Systems Integration *  Models
Components »  Technical support «  Components

Fig. 5.5 Stakeholders iterative and concurrent interactions.

5.3 Customer’s need

As just mentioned, the very first step of the analysis involves identifying the cus-
tomer’s needs and defining the objective of the study. Although the objectives will
likely be revised and refined, it is essential at this initial stage to have at least a draft
of the needs to provide a starting point. The first need can be depicted from the title
of the doctoral activity itself:

System Engineering applied to the design of hydrogen storage and distribution

systems for aviation.

The customer, i.e. Leonardo, is interested in a hydrogen storage and distribution

system for airborne applications, and it expects the candidate to investigate the
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technology and design the system applying Systems Engineering. Three main topics
can already be identified: Systems Engineering, hydrogen storage, and aviation.
However, this need is too general and further investigation is required. The customer
has been interviewed to better understand his needs and priorities, and to guide him
through a sort of negotiation process if his desires were unfeasible or inconvenient.

A series of general questions were raised, such as:

* Which type of aerial platform do you want to investigate?

* Which relevance should be given to the environmental sustainability-related

aspects?
* In which scenarios do you want your platform to work?
* Which types of mission should the platform perform?
* Which type of powertrains do you want to investigate?

* When do you want the platform to be ready?

The answers to such questions are definitely not independent of each other. Typ-
ically, in this context, the negotiation process just mentioned takes place through
a discussion with a subject-matter expert who can guide the customer towards the
best-fitting solution. For instance, the choice of a certain power-train constrains the
polluting emissions produced during flight, while the choice of a specific platform
can have a drastic influence on all subsequent activities.

Indeed, in the current analysis, the choice of an unmanned platform has been pushed
by the author mainly due to the critical safety implications of storing hydrogen on
board. Additionally, among the various unmanned platforms categories, the greatest
potentials has been identified in large long-endurance UAVs, mainly due to the
intrinsic properties of hydrogen having a high energy density, and to the fact that
typically hydrogen storage system exhibit higher gravimetric efficiencies if a greater
amount of hydrogen is stored, which is the case of long-endurance UAV that must
store huge amounts of fuel with respect to their own weight. Despite the analysis
focusing on hydrogen storage, some attention had to be given to UAVs strictly within
the scope necessary for the design of the H,SDSys. Essentially, the result of the
discussion with the customer has been translated into a first need:
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We want a UAV fully powered by hydrogen. The UAV should be multi-purpose,
meaning that it should be capable of performing different tasks, such as observation
and monitoring, transport, and defence. The UAV should be fully autonomous once
programmed; for example, it should be capable of continuously communicating with
the control station on the ground while also performing the mission autonomously
and returning to the base if something unexpected occurs. It should be able to carry
a payload and ensure sufficient endurance to remain competitive with existing and
future technologies. It must be able to operate in any condition. The UAV we want is

a MALE (Medium Altitude Long Endurance) type. We want the system to be
compliant with the available standards. As this will be the first time we produce a
full electric vehicle, we also want to use it to enhance our expertise over the next few

years and validate the models we already have, as well as those we will develop.

Despite being rough and somehow incomplete, this need enables the identification of
several key elements, providing relevant information on the customer’s expectations.
Indeed, satisfying such a need involves acquiring relevant knowledge about the
technology of interest and, simultaneously, ensuring the possibility of manufacturing
a prototype within the next few years, which in turn means selecting among the
various solutions those that have an acceptable level of maturity. In the following
analysis, a set of requirements, including aspects that emerged from the customer

interview will be proposed.

5.4 RFLP analysis: UAV

As mentioned above, the modelling activity related to the UAV is limited to those
elements strictly needed for the design of the hydrogen storage and distribution
system. However, for the sake of completeness, a simplified thread linking the very
first customer’s need to the beginning of the design of the H,SDSys is also shown to
provide a practical example of the MBSE design path mentioned in Section 5.2.

Some system-level requirements, which, in the aviation sector, are typically referred
to as top-level aircraft requirements, are reported in the requirements table (Fig. 5.6).
It can be observed that a hierarchy exists among requirements. Indeed, certain
requirements are created solely to serve as containers for others. For instance,
in the first row, the "TLAR" serves as a container for all the top-level aircraft
requirements, i.e., the TLAR themself. All the requirements are general and cover
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various aspects, such as the environment of operation, the payload that the UAV shall
carry, communication, reliability, and autonomy aspects. The problem is viewed
from a black-box perspective, and indeed, this point of analysis can also be located
on the MagicGrid® at the intersection of the "Problem"-"Black Box" domain row and
the "Requirements" column (top-left yellow rectangle in Fig. 5.2, Sec. 5.2). Not all
requirements are included for brevity, but a preliminary review of their consistency
and a check on the congruence of their level of detail have been conducted to ensure
similar granularity. Since certain requirements are not directly relevant to the scope
of this work, they have been deliberately left incomplete, but have been reported
to ensure that no aspect is unintentionally omitted if further design phases will

eventually be conducted.

After deriving a first set of requirements starting from the customer’s needs and
from the review of the literature, a number of stakeholders and actors have been
included in the context diagram (Fig. 5.7), which has been modelled through an
internal block diagram, even though it can also be represented using a use case
diagram. The basic rule followed in the current analysis to build the context diagram
is to include any stakeholder who has any direct interaction with the system. In
addition, it can be observed that there is a stereotyped symbol of a person inside the
rectangles of the pilot, of the birds, and of the maintenance personnel. This symbol
is used in the current analysis when the stakeholder is an actor. The dashed line
surrounding the central block representing the SOI is just a graphical addition to
highlight the system under analysis. The primary purpose of the context diagram is
to group all stakeholders interacting with the SOI within a single diagram, but if the
system grows significantly, more than one context diagram may be used to improve
readability. Stakeholders can interact with the system through various usages, which

are formalised as use cases.

One use case will be explored here (Fig. 5.8). The Interaction between the pilot
and the UAV can occur in various forms under different scenarios. However, in
practice, it is always true that the pilot should control the aircraft, which can involve
steering it, issuing commands to perform specific operations, or controlling its speed
and direction. This latter activity, included in the use case "control the aircraft", has
been detailed through the activity diagram "change speed and direction" (Fig. 5.9)
that, indeed, is directly linked to the use case control the aircraft.
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B [Rl 22TLAR The aircraft shall satisfy the Top Level Aircraft Requirements
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22.4.2 Weather
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7.1 Countermeasures
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.13 Multi-purpose
.14 Stealth

.15 Flight_Performances

The UAY shall be capable of operating under day and night

The UAY shall operate under any weather condition

The UAY shall carry the Payload

The UAY shall communicate with dedicated stakeholders

The UAY shall integrate all the necessary sensors

The UAY shall hold enenched features to survive to any hostile scenario
If events of any kind occur, the UAV shall apply countermeasures.

The UAY shall be compliant to all the relevant standards.

The UAY shall satisfy Airworthiness requirements

The UAY shall be reliable

The UAY shall be desinged to comply with mainteinance requirements.
The designer shall ensure critical systems redundancy.

The energy shall be stored through specified sources

The primary energy storage shall be based on hydrogen

The UAV shall be competitive

The UAV shall be cost efficient and cost effective

The UAY shall be able to perform tasks fully automously.

The UAV shall be multi-purpose

The aircraft shall exhibit stealth capabilities

Te aircraft shall exhibit the required flight performances

Fig. 5.6 Top-level aircraft requirements.
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uc [Package] Use cases & Scenarios [ Use cases of UAV in flight ]J

«block»
SOl - UAV

Control the aircraft

Pilot

Fig. 5.8 UC diagram.

The AD in Fig. 5.9 contain itself actions and information detailing the "change
speed and direction activity". The diagram starts from the black circle when the
aircraft’s speed is detected. The desired speed, received as an external input, is
compared with the actual speed. On the left side of the image, the direction is
corrected if needed, while on the right side, the speed is controlled by adjusting the
power supply. Ultimately, the information on the aircraft’s speed is newly detected
and transmitted as "real flight data". Actually, it must be mentioned that this diagram
was created for demonstrative purposes, once the UAV configuration was already
selected. Upon careful observation of the AD, it can be noted that to compute the
corrective manoeuvres, the control surfaces are adjusted, while to change the aircraft
speed, the power is regulated. These two aspects alone narrow the range of possible
solutions, assuming that the direction will be controlled through the control surface
and the speed through the power supply. At this point, the UAV should be seen as a
black box, and its subsystems should be unknown. However, it must be mentioned
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that MBSE can also be applied to an existing system, for example, to create an
upgraded version of the SOI. At this point in the analysis, these details are of lesser
importance with respect to the objective previously mentioned, which is to show how
the customer’s needs and the HySDSys are linked through MBSE.

act [Activity] Change speed and direction| Change speed and direction ])

'
Detect aircraft
speed

W
Com pare real
and desired
speed and
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in Desired speed and direction

*

I |
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Fig. 5.9 AD diagram.

Once the various use cases are explored and several activities are identified, the
activity decomposition map can be created (Fig. 5.10). At this point, the analysis is
situated close to the border between black-box and white-box approaches. Functional

blocks are identified, and a functional architecture can eventually be created.

Nonetheless, at this point, the functions have been directly connected to logical
blocks that perform these functions. A simplified BDD has been reported, showing
the three logical blocks composing the UAV. The "flight control system" manages
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» 22 Compare real and desired speed and direction
22 Change speed and direction 2 ~ £ Computs pnwer.supply
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Fig. 5.10 Activity decomposition map.

bdd [Package] Logical analysis [ SOl Structure ])
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Flight control system Propulsion system Flight surfaces control system

Fig. 5.11 Partial UAV logical structure.

and elaborates the information exchanged, the propulsion system is responsible for
supplying power, and the flight surface control system must physically move the
flight surfaces whenever needed. The propulsion system contains the hydrogen

storage and distribution system, which will be analysed in the following section.

5.5 Preliminary feasibility analysis

Before developing a broader analysis using the MBSE approach previously described,
it was considered useful to design a parametric sizing model to explore possible
solutions and obtain preliminary quantitative results to assess the technical feasibility
of the proposed solutions. Thus, a parametric sizing model has been developed in
Python and will be introduced in the following (Sec. 5.5.1). Then, a brief investi-

gation of materials properties at cryogenic temperatures is presented (Sec. 5.5.1).
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Finally, the model is applied to the use case of the Predator and the Global Hawk
UAVs to assess the feasibility of a retrofitting activity (Sec. 5.5.3).

5.5.1 Hydrogen tank parametric sizing model

The hydrogen tank parametric sizing model structure and capabilities have already
been described in the literature [199]. However, it can be helpful to introduce it here,
briefly emphasising its architectural and programming aspects, which have been less
covered in the literature.

The sizing model has been created in Python according to object-oriented pro-
gramming (OOP) guidelines. In brief, OOP is based on four fundamental princi-
ples [200]:

1. Abstraction: representing complex concepts through simplified models built
upon classes which describe the objects under analysis, highlighting their main
properties and characteristics.

2. Encapsulation: nesting properties and behaviours of the objects under analysis,
allowing and controlling the access of only those needed to reduce complexity
and improve clarity.

3. Inheritance: the principle according to which one class can inherit the proper-
ties and behaviour of another class, allowing the reuse and ordered hierarchical

structuring of large models

4. Polymorphism: the capability of using a single operation, method, or interface
in different ways depending on the object that implements it.

It can be difficult to grasp the importance of these four OOP principles immediately.
However, their meaning and advantages will be illustrated in the following explana-
tion of the hydrogen tank sizing model.

Looking at Fig. 5.12, it can be seen that the structure of the tank sizing model is
made of three main design classes (in red), three tank design classes (in blue), three
additional design classes (in orange), and two properties databases (in green). The
three red classes can be seen as the three pillars of the model. The HydrogenTankGe-

ometry class encloses all the geometrical parameters and formulas that allow for
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the computation of various tank dimensions, including diameter, length, height, and
surface area, for cylindrical tanks with hemispherical or ellipsoidal domes, even if a
vessel geometry can also be created by accessing only two parameters (abstraction).
Additionally, regardless of the dome type selected, this class allows for the generation
of a three-dimensional mesh of the vessel that can even be refined (polymorphism).
All these parameters and capabilities are also possessed by HydrogenTankMechanics
(inheritance), as indicated by the arrow pointing from HydrogenTankMechanics to
HydrogenTankGeometry. The other two main classes, HydrogenTankMechanics and
HydrogenTankThermal, contain all the parameters needed to perform the structural
and thermal analyses in the cases of compressed cryo-compressed and compressed
hydrogen. The HydrogenTankMechanics inherits the features of the MaterialsDF
and the CryoMaterialsEquations. The latter two classes are necessary to retrieve
information from the two materials databases, which, for ease of use, were created in
Excel. The OptiClass linked to HydrogenTankThermal has been created to perform
a constrained optimisation whenever the number of equations of the system to be
solved is lower than the number of unknowns. This occurs when the thickness of one
or more thermal layers has to be computed. The minimum and maximum thickness
values can be set for each layer, as well as the desired materials and the optimisation
goal, which is set by default to find the solution leading to the highest gravimetric
index. All these parameters and methods (as the functions contained in a class are
formally referred to) are inherited by the three blue classes, which are the ones
the user interacts with directly. These three classes are designed with one or a few
methods which encapsulate all the others needed to perform the design, which have
been inherited from upper-level classes (encapsulation). For instance, to perform the
sizing of a liquid hydrogen tank, the user will only access the HydrogenTankThermal.
Selecting a few parameters, such as the mass of hydrogen to be stored, the structural
and insulating materials, the desired boil-off rate, and the tank diameter, and execut-
ing only one method ("compute_tank_sizing()"), the sizing will be performed. The
model automatically retrieves the materials data and the equations needed from all

the inherited classes and provides a full set of tank properties.

To provide an overview of the complexity of the three main classes used in
the design (highlighted in red in Fig 5.12), and thereby illustrate how the proper
application of the four principles of OOP can be beneficial, the list of properties and
methods contained in classes HydrogenTankGeometry, HydrogenTankMechanics,

and HydrogenTankThermal is presented in Fig. 5.13.
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The HydrogenTankGeometry class contains 22 attributes and six methods, while
the HydrogenTankMechanics class contains 49 attributes and 19 methods. The
HydrogenTankThermal class contains 28 attributes and 34 methods. It is worth
noting that the methods created can contain a single equation or a few equations. In
principle, this aligns with the OOP logic, which suggests that it is preferable to have

a higher number of simpler functions rather than a lower number of more complex

functions.
HydrogenTankGeometry HydrogenTankMechanics HydrogenTankThermal
- inner_length - fiber_material - k_fiber
- outer_length - proof_p - k_composite
- inner_radius - burst_j - k_matrix

- outer_radius

- inner_diameter

- outer_diameter

- height

- beta

- inner_volume

- inner_volume_Ih2

- inner_volume_gh2
- inner_surface_area
- outer_surface_area
- inner_pressure

- inner_temperature
- aspect_ratio

- liquid_vapor_fraction
- thickness

- mh2

- tank_pressure

- tank_temperature

- h2_density

+ compute_h2_volume_or_mass()

+ plot_tank_3d()

+ compute_cyl_hemisphcaps_geometry()
+ compute_cyl_semiellptcaps_geometry()
+ compute_surface_area()

+ compute_tank_volume()

- proof_p_factor

- burst_p_factor

- p_venting

- delta_pressure

- p_type_|_asme_VIlII_safety_factor=1.5
- weld_efficiency=1

- external_pressure

- liner_material

- resin_material

-ys

- young_modulus

-uts

- liner_density

- fiber_density

- resin_density

- t_wall

- t_wall_proof

- t_wall_burst

- glass_transition_temp

- liner_thickness

- composite_layer_weight

- mechanical_layer_weight

- t_composite_hoop

- t_tot_layer_helical

- t_composite

- alpha_c_angle=45

- sigma_cr_fiber

- fiber_volume_ratio=0.6

- stress_ratio=0.7

- ductile=True

- t_composite_klimyshyn2023

- outer_mech_diameter

- outer_mech_radius

- outer_mech_length

- outer_mech_volume

- outer_volume

- h2_volumetric_energy_density_J_m3
- h2_volumetric_energy_density_kWh_|
- h2_volumetric_energy_density_kWh_kg
- gravimetric_index

- gravimetric_energy_density_kWh_kg
- volumetric_index

- volumetric_energy_density_kWh_m3
- volumetric_energy_density_kWh_liter
- tank_empty_weight

- mech_wall_correction_factor=0.24

- infinite_temperature_fluid_far_from_surface=323.15 #K,
(ISO + 35°C, highest T on ground)

- ext_surface_temperature=278.15 # K, 5°C, Slightly higher
than 0°C to avoid ice formation

- list_insulation_names

- insulation_materials_dict=dict() # Dictionary with the
insulation materials and their properties

- cond_res_pipes

- cond_res_supports

- conductive_res_mech

- total_cond_res_insulation

- conductive_resistance_supports

- conductive_resistance_pipes

- conductive_resistance_thermal_shield

- conductive_resistance_wall

- total_cond_resistance

- mdot_bog

- mdot_bog_hour

- mdot_bog_day

- bor_hour

- bor_day

- ext_nat_conv_coeff_h

- insulation_layers_weigth

- list_min_insulation_thickness_values

- list_max_insulation_thickness_values

- heat_pipes_supports_factor=0.3

+ set_liner_material()

+ set_fiber_material()

+ set_resin_material()

+ compute_delta_pressure()

+ proof_load()

+ burst_load()

+ type_i_proof_load_thickness()
+type_i_burst_load_thickness()

+ type_i_thickness()

+ type_i_asme_viii_hemispherical_caps()

+ type_iii_liner_t_21_loadshare()

+ cryo_tank_21()

+ compute_type_iv_klimyshyn2023()

+ composite_wall_thickness()

+ compute_type_iii_or_iv_thickness()

+ compute_mean_composite_density()

+ compute_mechanical_layer_geometry_and_weight()
+ compute_tank_empty_weigth_and_volume()
+ compute_grav_and_vol_index()

+ compute_k_fiber()

+ compute_k_matrix()

+ compute_k_liner()

+ compute_k_composite()

+ compute_specific_heat_liner()

+ compute_specific_heat_composite()

+ conductive_resistance_cylindrical_layer_formula()
+ conductive_resistance_cylindrical_layer_expr()
+ compute_conductive_resistance_mechanical_layer()
+ create_insualtion_materials_dict()

+ compute_thermal_cond_resistance_inuslation()
+ compute_insulation_layers_volume()

+ compute_insulation_layers_weight()

+ compute_insulation_surface_areas()

+ compute_tank_outer_surface_area()

+ compute_total_cond_resistance()

+ compute_total_thermal_resistance()

+ compute_heat_power()

+ compute_ext_nat_convective_resistance()

+ pymoo_grav_index_ojective_func()

+ pymoo_vol_index_ojective_func()

+ film_temperature_formula()

+ compute_outer_diameter()

+ grashof_formula()

+ nusselt_formula()

+ prandtl_formula()

+ rayleigh_formula()

+ compute_ext_natural_convection_coefficient_h()
+ convective_resistance_formula()

+ h2_latent_heat_vaporisation()

+ bog_bor_method()

+ bor_to_heat_in()

+ compute_tank_empty_weigth_and_volume_thermal()
+ cylindrical_heat_transfer()

Fig. 5.13 Geometrical, mechanical, and thermal classes attributes and methods.
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The architectural description of the model provided above highlights the more
programming-oriented aspects and should be considered complementary to the more

engineering-focused perspective available in the literature [199].

Materials analysis

As already highlighted in Ch. 4, the selection of materials is a critical step that directly
affects mechanical integrity, thermal stability, hydrogen compatibility, and overall
system efficiency. However, in addition to the considerations that have already been
made in Sec. 4.4 and in the articles published in the literature ([199, 201]), it was
considered of particular interest to show and discuss the materials included in the
dedicated database and, most importantly, to investigate how the properties of certain
metals, that are typically employed in direct contact with hydrogen, are affected by

cryogenic temperatures.

The metal alloys and polymers considered in the mechanical analysis are reported
in Table 5.1 and Table 5.2. The behaviour of metallic alloys is typically well-known,
and their usage at cryogenic temperatures can be preferred over polymers because,
regardless of their behaviour, they do not undergo a ductile-to-brittle transition.
Among the metal alloys, aluminium alloys are the most commonly adopted in
aviation due to their good balance between strength and lightweight. In addition,
many materials become embrittled when exposed to hydrogen and aluminium alloys
exhibit minimal susceptibility to H, embrittlement. Among those shown in Tables 5.1
and 5.2, A1 6061 is typically used for pressure vessels in the nuclear industry, Al 5086
has been recommended by NASA and it was chosen in the Cryoplane project. At
the same time, Al 2219 has also been suggested by Air Liquide and used in projects
to store liquid hydrogen. Al 5083-O has also been identified as a good candidate
for storing hydrogen at cryogenic temperatures due to its excellent properties, its
good weldability, its slightly lower density compared to the other aluminium alloys,
and its low sensitivity to hydrogen-induced corrosion, and it will be used in the
following analysis [183, 202]. In addition, a 5 mm thickness layer of polymeric
material HDPE UHMW will be applied as an external humidity barrier to avoid

environmental air penetrating the insulation layer.

Analogously to what has been done for structural materials, also the insulating
materials included in the Materials database are reported in Table 5.3. Thermally

insulating the storage tank is crucial to guarantee an efficient storage system, to limit



Table 5.1 Structural materials mechanical properties.

Name Density UTS YS  Elongation = Modulus  Poisson Fatigue Shear Shear  Ref.

MBSE applied to hydrogen storage and distribution system for UAVs
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atbreak  of Elasticity = Ratio  Strength Modulus Strength

(kg/m*) (MPa) (MPa) (%) (GPa) -) (MPa) (GPa) (MPa)
Al 6061-O 2700 124 55.2 25 68.9 0.33 62.1 26.0 82.7 [203]
Al 6061-T6 2700 310 276 17 68.9 0.33 96.5 26.0 207 [203]
A15083-O 2660 290 145 25 71.0 0.33 150 26.4 172 [203]
Al 5086-O 2660 262 117 30 71.0 0.33 145 26.4 159 [203]
Al 2219-T87 2840 476 393 10 73.1 379 103 27.0 280 [203]
SS 304 8000 505 215 70 193 0.29 [203]
SS 316 8000 565 250 55 193 [203]
Ti6Al4V 4430 860 790 15 113.8 0.342 140 44.0 550 [203]
PTFE 2170 25.6 131 336 0.599 0.46 [203]
HDPE UHMW 953 36.0 19.6 247 0.715 33.0 [203]
ETFE 1730 41.5 17.0 444 1.48 [203]
PFA 2150 27.1 314 0.519 [203]
PCTFE 2040 36.9 164 1.48 [203]
PI 1360 97.9 103 25.5 6.08 0.37 21.4 90.5 [203]
Carbon fiber 1760 3530 1.5 230 [204]
Delrin 1380 [126]
Epoxy 1350 33.1 563 9.35 35.2 0.389 3.2 80.1 [203]
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the boil-off rate to acceptable values and overall, to increase the operational capa-
bilities of the whole aircraft. Insulating foams, such as polystyrene, polyurethane,
and polymethacrylimide, are well-assessed solutions which can provide low thermal
conductivity values and are widely used in several applications where the volume
and weight requirements are not stringent. In contrast, more innovative solutions
rely on the use of aerogels and multilayer insulation (MLI), which hold thermal
conductivities in the order of 0.0006 Wm™' K when vacuum is also used. These
materials, though fragile and costly, are indispensable in a tank used in an aerial
vehicle where minimal thermal losses are required. Unlike the approach adopted
for selecting the structural metal alloy, no thermal insulator has been preselected in
this case. In the following analysis, the use of various thermal insulation materials
will be compared, and their impact on system performance will be quantitatively

assessed.

As previously mentioned, it may be worthwhile to mention an aspect that is
typically less explored in the literature, both due to simplifying assumptions that often
make a more detailed investigation unnecessary, or due to the limited experimental
data available in the literature. However, analysing the variation in the properties
of certain metal alloys allows us to assess whether assuming constant material
properties during the design of the storage system is a reasonable assumption. The
cryogenic properties of the materials available from the NIST databases have been
reported in Table 5.4, and used to trace the following charts. Al 5083-0O, Al 6061-T6,
stainless steels 304 and 316 are the only alloys for which data related to all four
properties is provided (in bold in Table 5.4). However, properties of other alloys
will be represented if available. The limited data available, especially referring
to the Young’s Modulus, hinders the possibility of verifying if assuming constant
material properties during the design of the storage system is a reasonable assumption.
In practice, the Young’s Moduli of Al 5083-0, Al 6061-T6, Stainless Steel 304,
and Stainless Steel 316 are lower at environmental temperature, thus assuming it
is constant and equal to the value at environmental temperature ensures that the
structure can withstand the required load also at cryogenic temperatures. In contrast,
the same assumption cannot be verified for other materials, limiting the reliability
of the analysis. The temperature range considered for all the properties spans from
approximately 20 K up to 300 K.

Looking at Fig. 5.14, the thermal conductivity of stainless steels, titanium, and

Inconel can be assumed constant. In contrast, for aluminium alloys, variations in
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Table 5.4 Cryogenic properties of materials available from NIST.

Thermal Specific Young’s Linear
conductivity Heat Modulus expansion
(W/(m-K))  (J/(kg-K)) (GPa) )

Al 1100

Al 3003-F

Al 5083-O

Al 6061-T6

Al 6063-T5

Fiberglass Epoxy G-10
Glass Fabric/polyester
Glass mat/epoxy
Inconel 718

Kevlar-49 Fiber
Kevlar-49 Composite
PET (Mylar)
Polyimide (Kapton)
Polystyrene
Polyurethane
Polyvinyl Chloride (PVC)
Stainless Steel 304
Stainless Steel 316
Teflon

Ti-6Al-4V

X X
X X X
X X X

PR A R KX
il

T o B o Bl e i SR e e
T I B i e
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Thermal Conductivity of Metals at Cryogenic Temperatures

400 Metal alloys

— (Al, 1100)

(Al, 3003-F)

(Al, 5083-0)

(Al, 6061-T6)

(Al, 6063-T5)

(Stainless Steel, 304)

(Stainless Steel, 316)

—— (Titanium, Ti-BAI-4V)
(Inconel, 718)
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Fig. 5.14 Thermal conductivity of various metallic alloys at cryogenic temperatures [207].

the thermal conductivity up to almost two orders of magnitude can be observed. In
general, the thermal conductivity increases with increasing temperature. However,
the trends exhibited for Al 1100 and Al 6063-T5 increase steeply from around
50 Wm ™! K up almost 400 Wm ™' K and 275 Wm~! K at a temperature near 40K,
respectively. Then, the trends decrease until 150 K when the thermal conductivity of

the two alloys stabilises around a constant value of approximately 200 Wm ™! K.

Considering the similarity between them, the linear expansion coefficients have
been reported for each alloy family rather than for each individual alloy (Fig. 5.15).
Aluminium is again the material showing the highest variation over the temperature
range. However, all the materials in this case should be carefully considered since,
even in the best case when titanium is selected, the value of the linear expansion

coefficient ranges from zero to less than —150 K1

Data on the Young modulus were only available for four alloys (Fig. 5.16). The
Young modulus increases with decreasing temperature, even if for stainless steel 304,
a sort of step can be observed at about 50 K. Overall, for stainless steel 304 and 316,
the Young modulus is approximately between 190 GPa and 220 GPa. Analogously,
the Young modulus of Al 5083-O and Al 6061-T6 increases in value, ranging from
approximately 70 GPa to SI80. To improve readability, the Young’s modulus of
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Linear Expansion of metals at Cryogenic Temperatures

Material Family
— Al
Inconel
— Stainless Steel
—— Titanium
-100

-200

Linear Expansion (1/K)

-300

-400

0 50 100 150 200 250 300
Temperature (K)

Fig. 5.15 Linear expansion coefficient of aluminium, stainless steel, Inconel, and titanium
alloys at cryogenic temperatures [207].

the two aluminium alloys has been isolated and presented in Fig. 5.17. The trends
shown are almost linear and approach constant values at temperatures below 50 K.

Overall, aside from the specific behaviour observed in the thermal conductivity
of the aluminium alloys Al 1100 and Al 6063-T5, it can generally be stated that,
as temperature increases, thermal conductivity tends to increase, the linear thermal
expansion coefficient increases while approaching zero, and the Young’s modulus
decreases. This implies that assuming metal properties at room temperature generally
sets the design on the safe side in terms of the thermal conductivity and the Young
modulus, since, typically, the worst case scenario when performing a structural sizing
is given when the materials exhibit the lowest structural properties, while for the
thermal design it corresponds to the condition leading to the highest heat influx.
So, in the case of static design, the lowest Young modulus and the highest thermal
conductivity values should put the designer on the most cautious side. The linear
expansion should be carefully considered in relation to the other materials composing
the vessel to assess the overall compatibility among the selected materials, even
though a thermal expansion coefficient closer to zero should lead to less pronounced

deformations that may lead to a solution that is less complex to manage. However,
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Young Modulus of Metals at Cryogenic Temperatures
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Fig. 5.16 Young’s Modulus of aluminium and stainless steel metallic alloys at cryogenic
temperatures [207].

Young Modulus of Aluminum Alloys at Cryogenic Temperatures

Aluminum alloys
—— (Al, 5083-0)
—— (Al, 6061-T6)
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Fig. 5.17 Young’s Modulus of Al 5083-O and Al 6061-T6 alloys at cryogenic tempera-
tures [207].
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without additional information, the conclusions that can be drawn in terms of thermal

expansion remain highly general.

5.5.2 Hydrogen tank model validation

A validation of the model, performed relying on experimental data, was unfeasible
due to the absence of a testing facility. However, in the analysis previously published,
the outputs of the model for compressed and liquid hydrogen storage have been
compared with data retrieved from an extensive research in the literature [199, 201].
To further improve the reliability of the sizing model, a set of data has been derived
from publicly available sources, including websites, technical brochures, and product
catalogues of manufacturers specialising in pressure vessels for compressed hydrogen
storage, as part of the current analysis. These specifications have been reported in
Table B.1 (appendix B), and plotted in Fig. 5.18 and Fig. 5.20. It is necessary
to specify that only data related to Type III and Type IV CH, tanks have been
collected. These types are lightweight and well-established industrial technologies,
and are the only ones commonly used in the mobility sector. In contrast, Type I
and Type II tanks are typically heavy and used for stationary storage, while data for
Type V tanks refer to prototypes or less mature technologies rather than commercial
products. An analogous attempt has been made to collect data about liquid hydrogen
storage. However, due to the lower technological maturity and the limited number of
manufacturers, it was not possible to collect data. Thus, a validation of the model

against commercial data has been conducted for compressed hydrogen storage only.

Looking at Fig. 5.18, it can be observed that the Type III tanks working at 700 bar
always exhibit a higher gravimetric index than those working at 350 bar. Type III ves-
sels storing hydrogen at 700 bar have a gravimetric index between 6% and 8%, while
those operating at 350 bar approximately between 3% and 5.5%. Actually, these
trends are in contrast with the result typically found in the literature, where Type III
tanks operating at 350 bar typically show higher gravimetric indexes than those

working at 350 bar, which, in contrast, exhibit higher volumetric efficiencies [199].

In contrast, examining the gravimetric index trends of Type IV tanks reveals that
vessels operating at 350 bar exhibit higher gravimetric indexes for storage capacities
exceeding 3 kg (Fig 5.19). However, the scattered data makes this latter conclusion

somewhat uncertain. In case of Type IV tanks, the gravimetric index approximately
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Fig. 5.18 Type III high-pressure tank data for validation.

ranges between 4% and 7% for 700 bar tanks, and between 3% and 8% for vessels

operating at 350 bar.

Although the trends shown in Fig. 5.18 and Fig 5.19 may be considered ap-
proximate due to the scattering of the data points fitted by the curves, the ranges
encompassing all values in the four cases discussed above can be regarded as more
general but reliable.

The outputs of the tank sizing model have been reported in Fig. 5.20, where the
Type III tanks are those where the liner is made of Al 6061 (blue and orange curves),
while those where the liner is made of HDPE UHMH are of Type IV (green and red
curves). Comparing the model outputs with the commercial data collected, it can be
seen that for Type III tanks operating at 350 bar the commercial data range is slightly
lower (commercial range: 3% - 5.5% vs. model range: 5.25% - 6.15%), while it is
the opposite in the case of 700 bar (commercial range: 6% - 8% vs. model range:
4.75% - 5.25%). Conversely, the data corresponding to Type IV tanks exhibit a better
alignment. For 350 bar service pressure, the gravimetric index for the commercial
data ranges between 3% and 8%, and that of the model approximately between
6% and 6.5%. Finally, at a pressure of 700 bar, the ranges of commercial data and
model-derived values are, respectively, 4% and 7%, and, approximately, 5.15% and
5.4%. The intervals derived through the model are obviously much narrower because

the same materials were used to compute the vessel properties. However, a detailed
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Fig. 5.19 Type IV high-pressure tank data for validation.

description of the materials used for commercial vessels was not available, and it is

improbable that different companies use precisely the same materials.

Apart from the opposite trends found in the case of Type III tanks, where the
vessels operating at 700 bar unexpectedly exhibit higher gravimetric indexes, the
values of the gravimetric indexes can be considered aligned. Considering that a
preliminary system analysis was conducted here, the discrepancies were considered
negligible.

5.5.3 Case studies

In order to evaluate the potential for retrofitting a long-range UAYV, an initial esti-
mation of the onboard hydrogen storage requirement is essential, serving as a basis
for the subsequent design of the storage system. It follows that, to approximately
determine the amount of hydrogen to be stored on board the UAVs, it has been
assumed that the energy content stored onboard using traditional aviation fuel should
be equal to that of hydrogen. Even if the Predator and Global Hawk UAVs are
respectively fuelled with aviation gasoline and kerosene, which can hold slightly
different energy densities, at this preliminary stage their energy densities have been
estimated at 43 MJ kg’l, and they are referred to as aviation fuel (av.fuel) [208]. The

specific energies per mass and the densities of CH, and LH, are:
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Fig. 5.20 Type III and IV high-pressure tank data generated through the sizing model.

Energy content of aviation fuel: e,y fue] = 43MJ kg’1

* Energy content of hydrogen: ey, = 120MJ kg~!

Density of aviation fuel: Py fuel = 810kgm ™3

Densities of hydrogen (by storage type):

— CH; at 350 bar: py, 350 = 23kgm >
— CH, at 700 bar: pg, 700 = 40kgm >
- LHy: pLu, = 70.85kgm 3

Under the assumption that the total amount of energy stored should be equal, regard-

less of the type of fuel used, the mass of hydrogen to be stored can be computed
through Eq. 5.1.

May fuel * €av.fuel
g, = eiee St (5.1)
)

Then, the corresponding volumes occupied by the fuel amounts are computed by
Eq.5.2

5.2)

© |3
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The results for the two UAVs under analysis are reported in Table 5.5.

It is essential to note that the masses and volumes reported in the table above refer
Table 5.5 Equivalent hydrogen fuel capacity for Global Hawk and Predator UAVs

Global Hawk Predator

Total energy stored (MJ) 337421 12900
Aviation fuel mass (kg) 7847 300
H; Mass (kg) 2811.84 107.5
Aviation fuel Vol. (m?) 9.69 0.37
H, Vol. 350 bar (m?) 122.25 4.67
H, Vol. 700 bar (m?) 70.3 2.69
LH, Vol. (m?) 39.67 1.52

only to the fuel and do not account for the storage system. For aviation fuel, the mass
and volume of the fuel alone can be assumed to be nearly equal to that of the system;
however, a deeper analysis is required to quantify the weight of the hydrogen tank

and distribution system.

Looking at Table 5.5, it can be quantitatively perceived how impactful the result-
ing volumes are. Even storing hydrogen in liquid form requires approximately four
times the volume occupied by aviation fuel. Considering that these results can be
directly traced back to the densities of LH, and jet fuel, and that they account for the
fuels alone without considering the storage systems, it can be stated that storing the
same energy amount as liquid hydrogen would always require at least four times the
volume occupied by aviation fuel. In contrast, the hydrogen mass is much lower than
that of aviation fuel. Considering that the mass of the hydrogen tank should be added
to that of hydrogen, it can be interesting to identify a sort of break-even point for the
gravimetric index. In practice, it is helpful to determine a value of the gravimetric
index below which the total weight of the hydrogen and the storage system is higher
than that of aviation fuel for the same amount of energy stored. Such a value can
be used as a reference to evaluate the system’s performance in terms of weight. To
compute what it can be defined as the gravimetric index break-even point in terms of
specific energy, it is sufficient to find the value for which the gravimetric efficiency
of the hydrogen storage system becomes equal to that of the aviation fuel storage

system, thus solving the following proportion (Eq. 5.3).

€H, " H, = €av.fuel * Nav.fuel (53)
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Assuming a gravimetric index of the aviation fuel storage system equal to 99%, the

value of the break-even point can be computed (Eq. 5.4).

€av fuel * Mav fuel _ 43-0.99
€H, 120

NH, = = 0.35475 (5.4)
So, if the gravimetric index of the hydrogen storage system is higher than 35.5%,
its mass efficiency is superior to that of aviation fuel. On the other hand, if its value

is lower, there are no advantages in terms of weight.

The same reasoning could be applied to find analogous values for CH, stored
at 350 bar and 700 bar. However, due to the significantly higher volumes compared
to those needed to store jet fuel, and to the low gravimetric indexes typical of high-
pressure vessels, computing such values has been considered unjustified, and only
liquid hydrogen storage and distribution systems will be analysed. In the following,
the impact of the insulating materials is quantified, and the resulting dimensions of
the hydrogen tank are compared with the space available that has been estimated for
the Predator and the Global Hawk UAVs. The starting inputs for the analysis are the
required tank capacity and the desired instantaneous boil-off rate, which has been
set to 1.6% of the total amount of liquid hydrogen stored [199, 201].

Predator case study

The results for the various insulating materials are reported in Table 5.6 and graphi-
cally represented in Fig. 5.21. The complete names of the insulating materials can
be depicted from Table 5.3 (Sec. 5.5.1). Overall, observing the bar charts, it can
be immediately concluded that the gravimetric indexes are between 40% and 50%
and the volumetric indexes are between 60% and 70% for most materials. Two
exceptions arise for the polyurethane foam (PRU) and the glass bubble insulation,
which exhibit notably lower performances. In the case of glass bubble, the reason
can be traced back to the poor insulating properties of the material, which has a
relatively high thermal conductivity combined with a high density.

In contrast, the PRU insulating capabilities are comparable to those of other foams,
such as the polymethacrylimide (PMI) or polystyrene (PS). Thus, this outlier value
can be attributed to a model numerical error in the optimisation loop. A comprehen-

sive analysis of the optimisation algorithms goes beyond the scope of the current
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study. However, for the sake of completeness, it is useful to address this anomaly in
the value briefly. The optimisation algorithm has been set in collaboration with an
optimisation expert, as part of the doctoral activity, aiming to implement a solution
that ensures reliability while maintaining a relevant speed. To deal with this com-
promise, the model may find a local minimum of the solution instead of a global
one. The design choice ultimately favoured a faster solution over an extremely time-
consuming one that would require hours to perform a preliminary static analysis.
Instead, the identification of potential outliers was left to the designer’s judgment, as
in this case, where such anomalies emerge when comparing the results of multiple

simulations that can be executed in a very short time.

Table 5.6 Predator Tank Data

Insulation material Tank empty  Tank  Gravimetric Volumetric
weight volume index index
(kg) (m?) (%) (%)
PS 2308.45 60.70 54.92 68.05
PMI 2310.71 60.62 54.89 68.14
PRU 2305.17 60.57 54.95 68.20
Perlite 2310.11 60.90 54.90 67.83
Silica aerogel 2328.46 60.65 54.70 68.10
Fiberglass 2320.36 60.80 54.79 67.94
Glass Bubble 2577.59 61.62 52.17 67.04
EPS 2307.42 60.66 54.93 68.09
Polyvinychloride 2307.52 60.57 54.93 68.20
Rohacell 2668.76 61.08 51.31 67.63
PU 2310.06 60.65 54.90 68.11
Aerogel_low_p 2303.95 60.46 54.96 68.32
Aerogel_very_low_p  2300.98 60.44 55.00 68.35
HD_Aerogel 2314.87 60.74 54.85 68.00
HD_Aerogel_low_p 2307.52 60.59 54.93 68.18
Perlite_low_p 2320.11 60.58 54.79 68.19
Perlite_very_low_p 2301.98 60.44 54.99 68.34
MLI_MD 2314.31 60.74 54.85 68.00
MLI_MD_low_p 2300.26 60.43 55.00 68.35

The solution showing the highest performance is that relying on multi-layer insu-
lation Mylar/Dacron used in combination with vacuum at low pressures ("MLI_MD_low_p").
Thus, additional data have been reported for this tank in Table 5.7. The dimensions of
the Predator have been reported in Fig. 5.22. Typically, the payload and, in general,
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Fig. 5.21 Predator UAV hydrogen tank performances for various insulating materials.
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Table 5.7 Predator liquid hydrogen tank data for MLI Mylar/Dacron insulation.

Data Value
Liner material Al 5083-O
Liner weight (kg) 69.52

Insulation layers materials MLI_MD_low_p & HDPE UHMW
Insulation weight (kg) 54.99

Tank empty weight (kg) 124.52

Tank diameter (m) 1.21

Tank length (m) 1.84

all the electronic equipment for communication and data acquisition, such as anten-
nas and radar, are installed in the front section of the fuselage, while the powertrain
is located in the rear half, where the propeller is also positioned [209]. It follows
that the cylindrical hydrogen tank should be installed inside an available space that,
from Fig. 5.22, has a diameter of maximum 0.6 m, assuming that the tank wall is in
contact with the aircraft skin. Estimating the length of the volume available for the
installation is hardly feasible in this context, considering that the other components
constituting the powertrain should also be sized. However, considering only the
diameter of the tank, which measures 1.21 m, the maximum available dimension
within the fuselage is largely exceeded. Moreover, by comparing the gravimetric and
volumetric index values obtained for all the insulations adopted (Table 5.6) with the
typical values from the literature, the outputs here shown appear quite optimistic,
also due to the fact the only the shells of the vessels account for the overall system
weight and no additional, but strictly necessary, components are considered.

In conclusion, the installation of a liquid hydrogen tank containing the same amount
of energy stored via aviation fuel inside the fuselage of a Predator UAV was deemed
unfeasible due to volume constraints. A smaller tank could be designed for testing
purposes, but considering that the flight endurance is one of the most essential aircraft
strengths, retrofitting a Predator UAV would lead to a less performing and, in turn,

non-competitive solution.

Global Hawk case study

An analogous analysis to that conducted for the Predator UAV (Sec. 5.5.3) will be
applied in the current section to the Global Hawk UAV. The tank properties for all the
insulation materials considered are reported in Table 5.8 and represented graphically
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Fig. 5.22 Reference dimensions for the MQ1 Predator UAV [56, 210].

in Fig. 5.23. In this case, the gravimetric indexes range between 50% and 60%. The
higher values compared to the Predator use case can be attributed to the greater tank
capacities. Typically, storing a greater amount of liquid hydrogen leads to higher
tank performances, because their higher volume-to-surface ratios translate into a
reduced heat exchange surface in proportion to the hydrogen stored. Observing the
bar charts in Fig. 5.23, no anomalies are identified. The lower performances in the
case of glass bubble and rohacell insulation can be attributed to their lower thermal
capabilities.

The solution exhibiting the highest gravimetric and volumetric indexes is again
that implementing the multilayer Mylar/Dacron (MLI_MD_low_p). This can be
attributed to the fact that the sizing model computes the insulation thickness based
on a sort of maximum admissible heat flux. At this preliminary level, the weight and
volume of additional elements, such as supports, pipes, and valves, are estimated
through correction factors which increase the system weight by a preselected per-
centage value [199, 201]. It follows linearly that the insulating material with the best
thermal and lightweight properties leads to the most efficient tank.

The data referred to the tank implementing the MLI_MD_low_p insulation is re-
ported in Table 5.9. Similarly to what has been done in the previous section, the
volume available to install the tank inside the fuselage has been estimated from the
lateral cross-section of the Global Hawk retrieved from the literature (Fig. 5.24).
Considering that also in this case the frontal region of the UAV is meant to host
the payload, the length of the volume available (red dotted rectangle in Fig. 5.24)
has been computed by summing the length of zone 3 (green arrow in the lower part
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Table 5.8 Global Hawk Tank Data

Insulation material Tank empty  Tank  Gravimetric Volumetric

weight volume index index
(kg) (m?) (%) (%)

PS 131.22 2.514 45.03 62.82
PMI 133.09 2.479 44.68 63.70
PRU 234.72 2.546 31.41 62.04
Perlite 135.08 2.690 4431 58.71
Silica aerogel 145.74 2.505 42.45 63.03
Fiberglass 141.09 2.606 43.24 60.61
Glass Bubble 360.14 3.326 22.99 47.49
EPS 132.42 2.542 4481 62.13
Polyvinychloride 130.45 2441 45.18 64.69
Rohacell 137.43 2.546 43.89 62.04
PU 135.10 2.542 4431 62.12
Aerogel_low_p 127.26 2.369 45.79 66.67
Aerogel_very_low_p 124.98 2.352 46.24 67.14
HD_Aerogel 137.10 2.572 43.95 61.41
HD_Aerogel_low_p 130.63 2.457 45.14 64.27
Perlite_low_p 138.46 2.447 43.71 64.53
Perlite_very_low_p 125.77 2.358 46.08 66.98
MLI_MD 136.71 2.572 44.02 61.41
MLI_MD_low_p 124.52 2.349 46.33 67.23

of Fig. 5.24) and zone 25 (red arrow in the lower part of Fig. 5.24), and measures
4.064 m. The height of the selected region has been computed by multiplying by two
the height of zone 22 (blue arrow in the lower part of Fig. 5.24) and equals 0.712 m.
Instead, the width is 1.46 m, and can be directly depicted from the schematic in the
upper part of Fig. 5.24. The tank length and diameter vastly exceed the dimensions
of the available volume inside the fuselage. Therefore, similar considerations to
those outlined for the Predator also apply to the Global Hawk, which can hardly be
competitive with one powered by jet fuel if it is retrofitted with a hydrogen-based

powertrain.
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Fig. 5.23 Global Hawk UAV hydrogen tank performances for various insulating materials.
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ECS controlled, pressurized compartments: |
Non-ECS controlled, non-pressurized compartments:

Compartment space not available for payloads: =
< 4.064 m >
EJP #3
e , (EP# ]
Zone 27
- - Zone7
: A T CREEREEREEEE Il B
— | > > | a1 ]
0.712 3 »< ~T —1 16
W I R = R
] v 2 S e—
[EP# | 4 ° = (EP#2 |
27 [El#s / [EP# / i
Payload Zone ID Length (m) Width (m) Height (m)

1 0.66 0.991 0.838
3 1.016 0.584 0.686
7 2.667 1.422 0.914
11 0.483 0.533 0.33
12 0.483 0.533 0.33
13 0.483 0.508 0.432
14 0.483 0.508 0.432
16 0.381 0.508 0.508
22 0.483 0.635 0.356
25 3.048 1.422 0.457
27 1.829 1.27 0.66
46 0.508 0.508 0.356
51 1.143 0.356 0.305
61 1.778 1.118 0.508

Fig. 5.24 Reference dimensions for the RQ-4 Global Hawk UAV [44].
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Table 5.9 Global Hawk liquid hydrogen tank data for MLI Mylar/Dacron insulation.

Liner material Al 5083-0O

Liner weight (kg) 1818.50

Insulation layers materials MLI_MD_low_p & HDPE UHMW
Insulation weight (kg) 481.77

Tank empty weight (kg) 2300.26

Tank diameter (m) 3.58

Tank length (m) 5.42

5.6 MBSE for the H,SDSys design

In this section, the MBSE conceptual design path previously shown will be tailored
to be applied to the design of the hydrogen storage and distribution system. The
study begins with the requirements analysis. Then, the operational analysis, aimed
at defining the system’s mission and context, is carried out as a distinct and separate
step to highlight the relevance of use cases and scenarios. Then, the investigation of
one representative use case is proposed ("UAV in Flight Mission"). The functional
analysis is performed, and the transition from black-box to white-box approaches is
performed, relying also on the activities decomposition map and on the functional
architecture. Considering the preliminary level of the analysis and the need for ex-
ploring an unknown technology, the logical analysis has been somehow merged with
the physical one. Finally, the dynamic analysis has been conducted by performing
different simulations, and the primary outcomes have been reported and evaluated.

5.6.1 Requirements analysis

Once the H,SDSys has been identified as a subsystem of the Propulsion system
included in the UAYV, the requirements analysis is reapplied to the system of interest,
that is now the hydrogen storage and distribution system.

In line with the methodology previously applied (Sec. 5.4), the requirements analysis
is again started from the customer’s needs, from which a series of requirements
applicable to the HySDSys are derived. Other stakeholders’ needs were added to the
customer’s needs and collected in a table, clustered and ordered hierarchically. Then,
several requirements have been derived as shown in Table 5.10, where the customer’s
and stakeholders’ needs can be identified by the prefix ’SN” at the beginning of their

name, while the requirements derived from them start with "R’. General statements
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were decomposed into specific and, whenever possible, measurable requirements.
For instance, the statement "We are designing a fuel-cell hydrogen-powered aircrafft,
we need a hydrogen storage and distribution system” (SN_H2SDSys_H?2_Aircraft)
was refined into specific requirements on storage capacity, output pressure, out-
put temperature, and installation constraints (e.g., R_H2SDSys_Storage_Capacity,
R_H2SDSys_Output_Pressure, R_H2SDSys_Max_Weight). This process ensures
that the needs collected in the previous steps of the analysis related to the UAV are
also linked and quantified in the H,SDSys analysis whenever possible.



Table 5.10 First draft of HSDSys requirements derived from customer’s needs

Name Text
70 SN_H2SDSys_H2_Aircraft We are designing a fuel-cell hydrogen-powered aircraft; we need a
hydrogen storage and distribution system.
70.1 R_H2SDSys_Storage_Capacity The H2SDSys shall store a mass of hydrogen equal to XXX kg.
70.2 R_H2SDSys_Output_Pressure The H2SDSys shall supply hydrogen to the fuel cell at p,,; = XX +X
bar.
70.3 R_H2SDSys_Installation The H2SDSys shall be installed on the aircraft.
70.4 R_H2SDSys_Output_Temperature The H2SDSys shall supply hydrogen to the fuel cell at 7;,,; = XX°C +
X°C.
70.5 R_H2SDSys_H2_Out_Conditions The H2SDSys shall supply hydrogen to the fuel cell in gaseous form.
70.6 R_H2SDSys_Refueling The H2SDSys shall be refilled by an external supplier.
73 SN_H2SDSys_Live_Monitoring We need to control and monitor the system both during flight and during
stationary operations and parking.
73.1 R_H2SDSys_Live_Monitoring The H2SDSys conditions shall be monitored.
74 SN_H2SDSys_Safety_Autonomy If something unexpected occurs, we want the system to automatically

activate countermeasures.
74.1 R_H2SDSys_Autonomy In both normal and unexpected operating conditions, the H2SDSys shall
operate autonomously.
75 SN_H2SDSys_Operative_Life We don’t yet know the aircraft type, but the system should last for the

aircraft’s lifetime and support its most demanding missions.
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Name

Text

75.1 R_H2SDSys_Service_Life
75.2 R_H2SDSys_Operational_Capabilities
76 SN_H2SDSys_Installation_Constraints
76.1 R_H2SDSys_Max_Volume
76.2 R_H2SDSys_Max_Weight
78 SN_H2SDSys_External_Supplier
78.1 R_H2SDSys_External_Supplier_Requests

79 SN_H2SDSys_Standard_Compliance

79.1 R_H2SDSys_Standards_Driven_Design
79.2 R_H2SDSys_Standard_Authority_Interaction

80 SN_H2SDSys_Data_Acquisition
80.1 R_H2SDSys_Data_Acquisition_Equipment

81 SN_H2SDSys_Electric_Powertrain

The H2SDSys lifetime shall not limit the aircraft’s lifetime.

The H2SDSys lifetime shall not limit the aircraft’s capabilities.

The system will be installed on a UAV, so its dimensions must allow for
that.

The H2SDSys volume shall be limited to XXX m3 (XX m length, XX m
height).

The H2SDSys weight shall be limited to XXX kg.

We plan to outsource the system’s production to a third party.

If a component is produced by a supplier, its requirements shall hold
legal validity and include detailed technical specifications.

The system must comply with applicable standards to be eligible for a
"permit to fly."

The H2SDSys design shall follow relevant standards.

The H2SDSys design shall be developed in cooperation with a certifica-
tion body or authority.

We want to extract data from the UAV for further analysis.

The H2SDSys shall be equipped with tools for data monitoring and
acquisition.

We aim to power the UAV with a fully electric hydrogen-based power-

train.

12!

SAV( J0J WwsAs uonnqLisip pue a3eio1s ua3oipAy o) pardde SN



Name

Text

81.1 R_H2SDSys_Electric_Compatibility

82 SN_H2SDSys_Competitiveness

82.1 R_H2SDSys_Performance_Competitiveness

82.2 R_H2SDSys_Market_Competitiveness

The H2SDSys integration with hybrid-electric aircraft components shall
be analysed and optimised.

UAV performance must be at least comparable to those with conventional
powertrains; ideally, it should be superior for market appeal.

The H2SDSys shall guarantee UAV performance levels comparable to
conventional powertrains.

The H2SDSys shall offer advantages that make the UAV competitive in
the market.
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Then, further research has been conducted, and additional requirements have
been derived from relevant standards. The results of this whole process are synthe-
sised in the first draft of requirements (Table 5.11), where, for brevity, a selection of
these requirements was included to highlight the various design aspects that should
be covered and to conduct the following analysis at a preliminary level. In Table 5.11,
the "Source" of each requirement is explicit whenever the requirement is derived
from a standard; in other cases, the requirement has been derived from the needs or
from analysis of the literature. The "Source" column has been added as an additional
feature. However, requirements are typically linked to documents or upper-level
requirements and needs via a traceability matrix, which does not provide further
insights into the current analysis and is therefore not included. Carefully reviewing
the proposed requirements list (Table 5.11) it can be immediately depicted how
several different aspects should be considered in the design. In this preliminary
design phase, a deep knowledge of the system is yet to be gained, and the majority
of requirements are not measurable. Indeed, priority has been given to collect all the
aspects that should be considered in later stages, where, after several requirements
elicitation, a more proper granularity could also be applied. For instance, the require-
ment "The Hyspsys shall safely store and distribute hydrogen" (R_H2SDSys_Safety)
is of broad applications an may include many requirements which are actually useful
in making the system safe, such as "Tapered thread fittings shall be replaced when
joints are disassembled” (R_H2SDSys_Joints_Replacement) and "Materials shall
resist hydrogen-accelerated fatigue phenomena" (R_H2SDSys_Fatigue_Resistance).
Practically speaking, if the tapered thread fittings are not replaced when the joints are
disassembled or if the materials selected do not resist hydrogen-accelerated fatigue
phenomena, the system may not work correctly, or a failure may occur. In both cases,
the safety of the system would be compromised. This does not mean that such re-
quirements should be grouped under one related to safety. As the analysis progresses,
it may prove more useful to include the requirement concerning the replacement of
tapered thread fittings (R_H2SDSys_Joints_Replacement) within those related to
maintenance activities. Conversely, the requirement addressing hydrogen-accelerated
fatigue phenomena (R_H2SDSys_Fatigue_Resistance) could be associated with spe-
cific standards for material selection and assigned to stakeholders responsible for
supplying and certifying the materials used.



Table 5.11 First requirements draft for the HSDSys.

Name

Requirement Description

Source

R_H2SDSys_Safety

R_H2SDSys_Effectiveness

R_H2SDSys_Efficiency

R_H2SDSys_Industrial_Manufacturing

R_H2SDSys_Standard_Compliance

R_H2SDSys_H2_Compatibility

R_H2SDSys_Operating_Temperature

R_H2SDSys_Operating_Pressure

R_H2SDSys_SetUp

The H2SDSys shall safely store and distribute hydro-
gen

The H2SDSys shall effectively store and distribute
hydrogen

The H2_System shall efficiently store and distribute
hydrogen

The H2_System shall be suitable for industrial produc-
tion

The H2_System shall be compliant with applicable
standards

The H2_System shall be compatible with hydrogen
environment

The design shall clearly define the temperature ranges
required for each component.

The design shall clearly define the pressure ranges
required for each component.

Design shall define the in-service set-up of all compo-

nents
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Name

Requirement Description

Source

R_H2SDSys_Components_Standards

R_H2SDSys_Embrittlement

R_H2SDSys_Operating_Tempreature_01

R_H2SDSys_Manufaturing_Standards

R_H2SDSys_Testing_Standards

R_H2SDSys_Inspections_Standards

R_H2SDSys_Maintenance_Standards

R_H2SDSys_Stress_Resistance

R_H2SDSys_Steel_Cracking

R_H2SDSys_Aluminum_Cracking

Specific standard reference for each component shall

be specified

The H2_Storage_System shall be able to resist hydro-

gen embrittlement phenomena

Design shall consider operating temperatures

H2_System manufacturing shall comply with appro-

priate standards and codes

H2_System testing shall comply with appropriate stan-

dards and codes

H2_System inspections shall comply with appropriate

standards and codes

H2_System maintenance shall comply with appropri-

ate standards and codes

H2_System shall maintain functionality under mechan-
ical stresses, deformations, corrosion, or degradation

If stainless steel is used, design shall consider chloride

stress corrosion cracking

If aluminium is used, design shall consider load crack-

ing

NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
ISO 12619

ISO 12619

ISO 12619

8€1
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Name Requirement Description Source

R_H2SDSys_Joints_Sealing Jointing components shall provide gas-tight sealing ISO 12619
performance

R_H2SDSys_Joints_Replacement Tapered thread fittings shall be replaced when joints ISO 12619
are disassembled

R_H2SDSys_Components_Temperatures Components shall be suitable for service within speci- ISO 12619
fied temperature ranges

R_H2SDSys_Fatigue_Resistance Materials shall resist hydrogen-accelerated fatigue phe- I1SO 12619

R_H2SDSys_Materials_Temperature

nomena
Design shall consider material properties at operating

temperatures

R_H2SDSys_Materials_Mech_Temperature Design shall consider mechanical properties of materi-

R_H2SDSys_Air_Condensation

als at operating temperatures

H2_System shall avoid air condensation

R_H2SDSys_Boiloff_Losses_Minimizazion Design shall minimise evaporation losses when storing

R_H2SDSys_Liquid_Sloshing
R_H2SDSys_Wiring_Protection

R_H2SDSys_Sloshing UAV_Balance

hydrogen in liquid form

Design shall consider the influence of fluid sloshing
Openings for wiring shall prevent chafing and abrasion
of insulation

Design shall consider the influence of fluid sloshing

on aircraft behaviour

NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems
NASA safety standards for hy-
drogen and hydrogen systems

ISO 12619
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Name Requirement Description Source
R_H2SDSys__Sloshing_on_UAV Design shall consider mechanical and thermal conse-
quences of fluid sloshing
R_H2SDSys_Natural_Performance Design shall leverage natural component behaviour to
maximise performance
R_H2SDSys_Thermal_Deformation Design shall consider thermal deformation due to tem-
perature gradients
R_H2SDSys_H2_ExtractionManagement Design shall consider hydrogen extraction manage-
ment in multiphase conditions
R_H2SDSys_Backflow_Refilling During refilling, H2_System shall avoid hydrogen
backflow
R_H2SDSys_Safety_ Manouvres Emergency manoeuvres shall reduce or avoid adverse
safety consequences
R_H2SDSys_Harmless_H2_Evacuation = In emergencies, H2_System shall evacuate or neutral-
ize hydrogen within X seconds
R_H2SDSys_Off_Design_Stresses Design shall analyse emergency scenarios causing ex-
traordinary stresses
R_H2SDSys_Harmful_Deformations Design shall assess maximum strains leading to crack
initiation under emergencies
R_H2SDSys_Crash Preventing aircraft crash or H2_System damage shall
be a primary design goal
R_H2SDSys_External_Pressure_Stress The tank shall withstand external pressures ASME VIII

orl
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Name

Requirement Description

Source

R_H2SDSys_External_Pressure_Source

R_H2SDSys_Manufacturer_Instructions

Design shall identify sources of external pressure in
all operating conditions

Manufacturer shall provide clear instructions and dia-
grams for safe use

ASME VIII

ISO 12619
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Thus, at this point of the analysis, considering the relatively reduced number of
requirements which make them easily manageable, few general requirements cate-
gories have been identified (Fig. 5.25). The "E" and "R" labelling each requirement
in Fig. 5.25 stand for "Requirement" and "Extended Requirement". The software
tool offers the possibility to extend the attributes of a typical requirement by cre-
ating an extended requirement. However, for the purpose of the work conducted
here, they can both be interpreted simply as requirements. To address the customer
desire of having the HSDSys modelled while complying with reasonable deadlines,
only a subset of requirements were selected in accordance with upper-level systems
engineers (Fig. 5.26), which to assess the technical feasibility of the whole project
needed to have an estimate of the weight and volume of all the sub-systems to be
installed on board. Thus, the first set of requirements applicable as starting inputs for
the design includes the H,SDSys volume and weight, as well as the storage capacity,
the external environmental conditions, and the hydrogen fuel properties at supply.

Mame
CEl R_H25D5%ys_1 R_H25D5ys_Safety
R_H2505ys_ 2 R_H25D5ys_Effectiveness
Cel R_H25DSys 3 R_H25DSys_Efficiency
F_H2505y= 4 B_H2505%ys_Industrial_Manufacturing
CEl R_H25D5ys_6 R_H25D5ys_H2_Compatibility
(Bl R_H2S05ys 5 R_H2SDSys_Standard_Compliance
[el R_H25DSys_7 R_H25DSys_Autonomy
el F_H2505y= 2 R_H2505%ys_Electric_Interaction
(el F_H2505y=_9 R_H25D5%ys_Maintenance
[Bl R_H25D5Sy= 10 R_H25DSys_Design_Guidelines
[el R_H25D%ys 11 R_H2SDSys_Design_Regs
el F_H2505y= 13 R_H250%ys_Maonitoring
(Bl R_H25D05ys 14 R_H25DSys_Refueling

Fig. 5.25 High-level requirements of the H,SDSys, indicating the topics used to classify
the requirements ("E": extended requirement, "R": requirement; both can be interpreted as
standard requirements).
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Derived

MName Text
From

B [’ R_HZ5D5= 11 R_H25DSys_Design_Reqs
The H25D5ys shall store a m_h2 equal SM-1

[ R_H25D5Sys_11.1 R_H2SDSys_Storage_Capacity to XX kg
e g4 The H25D5ys volume shall be limited &l 5N-5
[ R_H25DSys_11.7 R_H2SDSys_Max_Volume 030G m3 (XX m length, XX m heigth).
The H25D5ys shall b ly to th [El SM-1
B [E R_H25D5ys 11.5 R_H2SDSys_H2_Out_Conditions - ys shatl be sUpply to the [ s
’ fuel cell hydrogen in gasecus form.
e 4 e 1 The H25D5ys shall supply hydrogen to SM-1
o F_H2505ys_11.5.1 R_H25D%ys_Output_Temperature the Fuel-cell at T_out = XX °C +- X °C
eren . 11 = The H25D5ys shall supply hydrogen to SM-1
[ol R_H2505ys_11.5.2 R_H2SDSys_Output_Pressure the Fuel-cell st p_out = XX +-X bar
e 14 . The H25D5ys weight shall be limited &l 5N-5
o R_HZ505ys_11.8 R_H25D%ys_Max_Weight to XX kg
H2_Syst hall avoid ai
F_H25D%ys_11.9 R_H25DSys_Air_Condensation —>ysiem shall avold air
’ condensation
B [’ R_HZ505ys 11.10 R_H25D5ys_Refueling
During H2_System refilling,
R_H25D5y=_11.10.1 R_H25DSys_Backflow_Refilling  |HZ_System shall avoid hydrogen

backflow

Fig. 5.26 Set of design ("D") and functional ("F) requirements of the H,SDSys derived from
the customer’s needs.

5.6.2 Operational analysis

The objective of the operational analysis is to determine the mission of the system, its
context, and scenarios [6]. The operational analysis is not always included or, at least,
explicit among the steps typically included in the MBSE. Indeed, looking back at
the V diagrams (Fig 5.1), at the MagicGrid® (Fig 5.2), and at the MBSE design path
(Fig 5.3), the reader will not find the operational analysis, which can be formalised
differently or included between the requirements and functional analysis. However,
in the current analysis, it was considered appropriate to separate the operational
analysis from the others, both to facilitate the reusability of the approach and to
emphasise the definition of contexts and scenarios. The black-box approach is
applied in this phase to explore the problem domain. Indeed, this analysis covers the
"system context" and Use Cases" phases in the MagicGrid® framework (Fig 5.2),
while, in the MBSE path the operational analysis can be located at the sub-system
level between the requirement ("R") and the functional ("F") analyses inside the
black-box region in Fig. 5.3. The SysML diagram used is the internal block diagram,
where the stakeholders and actors interacting with the system can be identified, and

the use case diagram, which collects the usages of the system. The stakeholders and
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actors interact with the SOI through functions, which will then be the object of the

following design step (functional analysis).

Starting from the customer’s needs, the HySDsys mission has been reduced to

the minimum terms as:
"The H,SDSys shall supply hydrogen to the fuel-cell."

The use cases have been identified at the system level and are referred to the UAV
(Fig. 5.27). These use cases encompass various life cycle stages, including system
manufacturing, integration, and maintenance, as well as specific system usages, such
as the UAV during flight (Flight Mission) and maritime operations. Naturally, these
usages also affect the design of the UAV subsystems, among which is the H,SDSys.
Consistent with the system mission just defined, the use case explored is "UAV in
Flight Mission". This does not mean that the "hydrogen system shall supply hydrogen
to the fuel" request excludes other use cases from investigation or attributes them
less relevance. The choice has been made considering that it is during the flight
that the system physically supplies hydrogen to the fuel cell. To enable quantitative
analysis and deal with future potential suppliers, a priority was devoted to this use

case.

- = UAV in Disposal

H- & UAV in Flight Mission

- & VAV in Inspection Maintenance
- = UAV in Integration

- = UAV in Manufacturing

- & VAV in Maritime Operations

- = UAV in Refueling

- =] UAV in Remote Locations

- = UAV in Testing

IT1

Fig. 5.27 Use cases for the UAV.

The H,SDSys context has been modelled through the IBD in Fig. 5.28. Looking
at the top-left corner of the image, a reference to the use case under analysis is
reported. The context diagram is composed of seven parts, including the SOI itself.
The interfacing systems are the structure of the aircraft to which the SOI is anchored

(Airframe), with which a mutual exchange of mechanical stresses occurs. The
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external environment (Environment), exchanging air with the SOI, which should
indeed be sealed, while the HSDSys sends hydrogen, for example, during venting
operations. The Flight control system has been conceptually modelled as a sort of
"UAV Brain" which manages all the data exchanges and commands. The Fuel-Cell
System (FCS) sends the desired conditions for hydrogen production, which in turn
is supplied by the H,SDSys. The Thermal Management System (TMS) and the
Electrical Power System (EPS) have also been included to exchange thermal and
electric power with the SOI.

Then, the interaction between the FCS and the H,SDSys, which actually reflects
the mission of the system, is described through the UCD in Fig 5.29. The use case
"Supply Hydrogen" had been detailed into two separate usages, "Supply Hydrogen
at desired pressure” and "Supply Hydrogen at desired temperature"”, through the
«include» relationship. The boundary of the system can also be identified as the
perimeter of the rectangular block "UAV in Flight Mission," which describes the use
case.

As previously mentioned, the system interacts with stakeholders and actors
through functions. In practical terms, the H,SDSys will "Supply Hydrogen" to
the FCS through a sequence of functions which will be described in the following

section.

5.6.3 Functional analysis

The functional analysis has been performed according to the steps already applied to
the UAV (Sec. 5.4), which have been elaborated from both the approaches proposed
by the MagicGrid® framework and by Brusa et al. [197, 6].

In practice, a series of functions has been drawn through activity diagrams. In
this first phase, the actors should still be unknown, and the ADs should look like
previously created for the UAV (Fig 5.9). Then, once the stakeholders and actors
have been identified, they are allocated to the swimlanes (black columns with
titles of sub-systems in Fig. 5.30, Fig. 5.31, and Fig. 5.32). The ADs reported in
the current section may somehow resemble sequence diagrams, which have been
described in Ch. 2. However, it is worth noting that activity diagrams describe a
series of actions, and the addition of swimlanes serves to assign the responsibility of

actions to subsystems and actors or, formally, to allocate functions to subsystems.



MBSE applied to hydrogen storage and distribution system for UAV's

146

ibd [Block] UAV in Flight Mission[ UAV in Flight Mission ] \_

: Airframe :FCS
Desired H2 Mass Flow Rate,
Om.m_ﬂma H2 Pressure,
H2SDSys Stresses Airframe Stresses Desired H2 Temperature Hydrogen
< p— < >
Hydrogen Air
: Environment <1 > : H2SDSys <} > : TMS
th Desired Coolant Mass Flow Rate
System Status Data Venting Command Blectric Pow er Desired Blectric Pow er

<

: Flight control system

th

>

<

>

Fig. 5.28 Context diagram for the H,SDSys.
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uc [Package] Use cazes & Scenanos [ Use Case of UAY in Fligth Mission ]J

wblocks
UAV in Flight Mission

|'l' Supply Hydrogen

/mr;%?__
wblocks

FCS /Su pply Hydrogen at\\ ‘-.xlnc.ludex.
|' desired pressure

,/j Supply Hydrogen at \

[ desired temperatu FE/
\ th

£

Fig. 5.29 Use case diagram of "UAV in Flight Mission".

In contrast, the sequence diagram describes the temporal sequence of messages
exchanged between systems and actors, highlighting the dynamic interactions. In the
activity diagrams reported here, it was considered useful to add the items exchanged,
which have been placed along the connection lines between the functions, somehow
recalling the structure of sequence diagrams. Nonetheless, the main objective is
not to describe the temporal sequence of messages, but to identify and allocate the

functions useful to perform an activity.

Initially, the "Supply Hydrogen" was a unique use case. The following activity
diagram resulted in too much complexity, so in the second design iteration, the use
case was decomposed into the two use cases previously shown, one related to pressure
and the other to temperature (Fig. 5.29). Then, a higher-level AD for the "supply
Hydrogen" has been created (Fig 5.30). This contains the two functions, "Supply
Hydrogen at desired pressure" and "Supply Hydrogen at desired temperature", which
are directly linked to their respective activity diagrams, as indicated by the small

fork symbols in the bottom-right corner of their block in Fig 5.30.

The pressure at which hydrogen has to be supplied to the FCS has been deter-

mined by the systems engineer responsible for the system to be approximately 3 bar.
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(“act [Activity] Supply Hydrogen[ Supply Hydrogen ]) h
«allocate» «allocate»
:FCS : H2SDSys
Send request
for Hydrogen
\%
Supply Hydrogen
th
Supply Supply
Hydrogen at Hydrogen at
desired desired
pressure temperature
th th
[1]
< L]
Hydrogen
A
Take Hydrogen
|
- J

Fig. 5.30 Activity diagram of the "Supply Hydrogen" use case.
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This means that, assuming that along the hydrogen distribution line the pressure will
remain constant or, more realistically, decrease, a minimum pressure level to the
fuel cell can only be guaranteed if the storage pressure is higher than 3 bar, or if a
component increasing the hydrogen pressure is inserted along the distribution line.
However, this latter solution requires the addition of a component to the system and
increases the risk for hydrogen backflow. So, to keep the system complexity as low
as possible, it has been decided not to add components to those that were strictly
needed. Moreover, to deal with the requirements imposing that the storage pressure
should be higher than the external environmental pressure to avoid air penetrating
the system in case of cracks or failures, the storage pressure should be in any case
kept at least higher than a 1 bar, corresponding to the environmental pressure at sea
level, while, apart from the occurrence of particular phenomena in the H,SDSys

surrounding environment, at higher altitudes the external pressure is lower.

It may be helpful to open a parenthesis to show that, in practice, requirements
elicitation is a continuous process that can occur at any stage of system design. In
fact, as a consequence of this design choice, a new requirement can be formulated:
“The pressure at which hydrogen is stored must always be higher than the pressure
required by the fuel cell.” This requirement could be further refined by specifying that
the necessary pressure margin depends on pressure losses along the supply line. In
reality, during the doctoral activity, this issue was addressed through direct interaction
with the engineer responsible for the fuel cell system. From the perspective of the
FCS requirements, it was determined that the output pressure from the storage
system must be at least 1 bar higher than the nominal input pressure of the fuel cell to
ensure that the FCS can autonomously regulate the inlet pressure within the desired

tolerance range.

Looking at Fig. 5.31, the underlying logic applied to supply hydrogen at desired
pressure can be depicted. The FCS send a request for hydrogen, the H,SDSys check
the actual storage pressure level and, if it is acceptable supply hydrogen, if the
storage pressure level is too low it ask for electric power to make the liquid hydrogen
boil so to increase the storage pressure while, if pressure increases too much, the

gaseous hydrogen is vented to the environment.

Analogously, the sequence of functions to supply hydrogen at the desired tem-
perature has been reported in Fig. 5.32. Initially, it was assumed that the hydrogen
temperature could be regulated through a heat exchanger linked with the TMS, which
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act [Activity] Supply Hydrogen at desired pressure [ Supply Hydrogen at desired pressure ])

«allocate» «allocate» «allocate» «allocate» «allocate»

:FCS : H2SDSys : Flight control system :EPS : Environment

[ —_———— -] -

v v !
Send request Check storage P |
for Hydrogen 11— pressure <4

Electric Pow er W |

Desired H2 Mass Flow Rate | |

[H2 pressure OK] % H2 Pressure < H2 Pressurg Low er Limit] ( Supply electric |

TN T T T T T - i Power

| | |

| |

| [H2 Pressure > H2 Pressure Y enting Limit] |

| L ——————— >{ Send Venting |

u Coommand

| Venting Comihand- |

\2 |
Supply d i

Hydrogen at Vent Hydrogen sec‘i"’:
desired Hydrogen g" e
pressure gvdiogen
th

\; Hydrogej

Take Hydrogen

6

Fig. 5.31 Activity diagram of the "Supply Hydrogen at desired pressure".

was responsible for supplying coolant. Actually, the coolant is used here to heat up
the hydrogen out-flowing from the H,SDSys, not to cool it down. However, again,
to avoid increasing the overall system complexity, it has been assumed that the same
fluid is used to cool down all the other components and to heat up hydrogen, and to
avoid misunderstandings between designers, the term coolant was used. In any case,
the system was initially modelled with the heat exchanger as the only "hydrogen-
heating" component, and, indeed, the Simulink model proposed (Sec. 5.6.4) has
only a heat exchange. However, after a meeting between all the systems engineers,
it emerged that the TMS cannot supply the coolant at a suitable temperature until
steady-state conditions are reached. Specifically, at the beginning of the mission,
when the UAV is started, the hydrogen must be supplied to the FCS at the desired
temperature. However, since the coolant is not yet at a proper temperature, it has been
proposed to heat the hydrogen using electric power that is always available. Thus,
the function "Supply Desired Electric Power" has been added to the diagram together
with its swimlane and the relative connections. Nonetheless, the time available to
simulate the system with this additional component was not available, and it has

been added to the further steps.
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act [Activity] Supply Hydrogen at desired temperature [ Supply Hydrogen at desired temperature ])
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Fig. 5.32 Activity diagram of the "Supply Hydrogen at desired temperature".
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After creating and refining the activity diagrams, the activity decomposition
map (ADM) can be automatically created. The ADM hierarchically classify all the
functions previously defined. Collecting all the functions in a unique map proved
useful to both define a set of measures of effectiveness (MOE) and identify the

functional subsystems and components.

<72 Check storage pressure

» T2 Receive Vented Hydrogen
(T2 Send request for Hydrogen » @2 Send request for Hydrogen
<2 Supply Hydrogen at desired pressure & = @2 Send Venting Coommand

~ @2 Supply electric Power

@2 Take Hydrogen

&3 Vent Hydrogen

€3 Supply Hydrogen & 472 Check Coolant temperature

@2 Heat up Hydrogen using Coolant
T2 Heat up Hydrogen Using Electric Power
<+ 72 Measure H2 outflow Temperature
» @2 Send error message
‘&2 Supply Hydrogen at desired temperature & = @3 Send request for Coolant
\E2 Take Hydrogen ~ @3 Send request for Desired Electric Power
‘@3 send request for H2 supply at Desired Temperature
\ €3 Supply Coolant
& Supply Desired Electric Power
@2 Take Hydrogen at Desired Temperature

Fig. 5.33 Activities decomposition map.

The MOE:s have been collected in a BDD (Fig. 5.34). Formally, the MOE are
defined as "measures of success that are closely related to the achievement of the
mission or operational objective being evaluated in the intended operational environ-
ment under a specified set of conditions." [211]. More precisely, MOEs are measures
of the extent to which objectives are met. In the current analysis, the MOEs are
practically applied to describe the attributes of the systems. Actually, this use of the
MOEs does not significantly diverge from the conceptual use proposed by INCOSE.
Indeed, the effectiveness of a system depends on reaching specific objectives, which
often turn into measurable objectives that must be included within specific ranges.
For instance, considering the use case "Supply Hydrogen at desired temperature" just
mentioned, the temperature of hydrogen at the supply will be used as a measure for
the effectiveness of the solution proposed. Analogously, the volume of the system
will be used both to verify the relative requirement (R_H2SDsys_Max_Volume) and
to compare different solutions in further design steps.

The MOEs are collected inside the block "MOEs Holder" and are inherited by the
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H,SDSys block, where the functional blocks identified through the ADM are also
reported (Fig. 5.34).

At this point, the transition from black-box to white-box approach takes place.
Indeed, a series of functional blocks, representing functional sub-systems or com-
ponents, has been identified. Then all the functional blocks are placed inside the
IBD, which will describe the system’s functional architecture. However, at this
stage, the functional block still has to be connected to the architecture, and to be
linked, each block should show one or more interfaces, formally known as ports.
For brevity, the creation of interfaces has only been shown for two blocks: "Storing
Hydrogen" (Fig. 5.35) and "Regulating H2 Temperature" (Fig. 5.37). Looking at
Fig. 5.35, an interface block has been created and consequently represented in the
"Storing Hydrogen" functional block. Then, the exchange items are assigned to each
interface block. After assigning all the interfaces to the functional block, the part
representing the functional sub-system inside the IBD, which was in practice only a
yellow rectangle, becomes populated with ports (Fig. 5.36).

Repeating these steps and linking the parts inside the IBD, the functional archi-
tecture has been created (Fig. 5.38). The items exchanged and their flow directions
are also specified in the architecture as the result of assigning each item to an inter-
face block, which practically means creating the ports and determining what flows
through each of them.

5.6.4 Logical architecture and system dynamic simulation

The purpose of the logical analysis is to propose a preliminary architecture supporting
the functional behaviour of the system [6]. Then, the physical analysis is performed,
allocating each logical component to a physical one. Typically, physical analysis
is performed through digital simulations to optimise time and resources. Then the
off-the-shelf or customised components are bought or manufactured, acquired or
fabricated for subsequent validation and testing.

Hence, the transition between logical and physical architectures implies the identifi-
cation of a series of physical components associated with the logical ones. However,
in the current analysis, the system’s architecture is modelled through blocks that,
while providing a quantitative analysis of system dynamics, represent logical compo-

nents rather than physical ones. For instance, the functional block "Electric H2 Boil
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bdd [Package] MOE[ MOE | J

«block»
MOEs Holder

values
«moe» /mass : mass|kilogram]{unit = kilogram}
«moe» /volume : volume[cubic metre]{unit = cubic metre}
«moe» /diameter : length[metre]{unit = metre}
«moe» /heigth : length[metre]{unit = metre}
«moe» /Storage Capacity : mass[kilogram]{unit = kilogram}
«moe» /H2 Mass Flow Rate : mass flow rate[kilogram per second]{unit = kilogram per second}
«moe» /H2 Temperature : thermodynamic temperature[kelvin]{unit = kelvin}
«moe» /H2 pressure : pressure[bar]{unit = bar}
«moe» /Blectric Pow er : pow er[kilow att]{unit = kilow att}
«moe» /Heat Pow er : pow er[kilow att]{unit = kilow att}

«block»
H2SDSys
parts

: H2 Coolant Heating

: Blectric H2 Boil Heating

: Blectric H2 Heating

: Regulating H2 Pressure

: Regulating H2 Temperature

: Regulatin H2 Mass Flow Rate
: Controlling Hydrogen Inlet

: Storing Hydrogen

: Reading System Status

: Venting Hydrogen

: Comunicating Refueling Status

values
A«moey /mass : mass[kilograml{unit = kilogram}
A«moey /volume : volume[cubic metre]{unit = cubic metre}
A«moe» /diameter : length[metre]{unit = metre}
A«moe» /heigth : length[metre]{unit = metre}
A«moey /Storage Capacity : mass[kilogram){unit = kilogram}
A«moe» /H2 Mass Flow Rate : mass flow rate[kilogram per second]{unit = kilogram per second}
A«moey /H2 Temperature : thermodynamic temperature[kelvin){unit = kelvin}
A«moe» /H2 pressure : pressure[bar]{unit = bar}
A«moe» /Blectric Pow er : pow er[kilow att]{unit = kilow att}
A«moe» /Heat Pow er : pow er[kilow att]{unit = kilow att}

Fig. 5.34 Measure Of Effectiveness (MOE) BDD of the H,SDSys.
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bdd [Package] Storing Hydrogen [ Storing Hydrogen Subsystem Interfaces ] )

«proxy»

«proxy»

p12 : Liquid Hydrogen Intake
bkt
p17 : Boiling Heat Pow er .
—

«block»

Storing Hydrogen

p13 : Gaseous Hydrogen Outflow
«proxy»

p14 : Storage Filling Level
«proxy»

p15 : Storage Pressure
«proxy»

p16 : Venting Outflow

«interfaceBlock» «interfaceBlock»

Boiling Heat Power

Gaseous Hydrogen Outflow

«interfaceBlock»
Venting Outflow

flow properties

in H2_boil_heat : H2 Boiling Heat Pow er

flow properties

out GH2 : Gaseous Hydrogen

flow properties
out h2_vented : Gaseous Hydrogen

«interfaceBlock»
Storage Filling Level

«interfaceBlock»
Liquid Hydrogen Intake

«interfaceBlock»
Storage Pressure

flow properties

in LH2 : Liquid Hydrogen

flow properties

out h2_filling : Storage Filling Level

flow properties

out H2_Strg_p : Hydrogen Storage Pressure

Fig. 5.35 BDD of the subsystem interfaces of the "Storing Hydrogen" functional block.

: Storing Hydrogen

pl12 : Liguid Hydrogen Intake

—

pi7 : Boiling Heat Power

.

pl13: Gaseous Hydrogen Outflow

pl14 : Storage Filing Level

p15: Storage Pressure

:Wenting Outflow

Fig. 5.36 Zoom-in of the functional block "Storing hydrogen".
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bdd [Package] Regulating H2 Temperature [ Regulating H2 Temperature SubSystem Interfaces ])

«proxy»
p10 : Coolant Heating Data Transfer «block»

X . «Proxy» Regulating H2 Temperature
p11 : Blectric Heating Data Transfer
«proxy» <7

p12 : H2 Temperature Data

«interfaceBlock» «interfaceBlock» «interfaceBlock»
Coolant Heating Data Transfer Electric Heating Data Transfer H2 Temperature Data
flow properties flow properties erties
out mdot_coolant_cmd : Desired Coolant Mass Flow Rate out elc_pwr_cmd : Desired Hectric Pow er indes_h2_T : Desired H2 Temperature
in mdot_coolant : Coolant Mass Flow Rate in elc_pw r_heat : Heating electric Pow er in h2_T : H2 Temperature

flow prop

Fig. 5.37 BDD of the subsystem interfaces of the "Regulating H2 Temperature" functional
block..

Heating" (Fig. 5.38), which, according to the typical "RFLP" design path, would
then be modelled as the logical component "Electric-to-Heat Power Converter", and
as a physical one to an electric resistance, has been actually modelled and simulated
as a component that simply takes as input electric power and convert it to heat power,
thus corresponding to a logical entity rather than to a physical device. From a design
perspective, the ability to simulate system dynamics quantitatively while maintaining
a logical abstraction of its components proves beneficial at this level, as the majority
of components and subsystems are yet to be sized. Once the simulation is performed,
a preliminary set of qualitative and, especially, quantitative specifications will be

available, thus making interactions with potential suppliers worthwhile.

The architecture of the system is shown in Fig. 5.39, Fig. 5.40, and Fig. 5.41,
while detailed images of the tank wall and the hydrogen-water glycol heat exchanger
are shown in Fig. 5.42 and Fig. 5.43, respectively. The H,SDSys modelled is

basically composed of the following elements:

* Hydrogen Storage System

Hydrogen Tank

Electric-to-Heat Power Converter

Gaseous Hydrogen Extraction Line

Liquid Hydrogen Extraction Line
* Hydrogen Distribution System

— H2-WaterGlicol HEX
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— TMS Supply Line
— FCS Supply Line

* Hydrogen Venting System

The hydrogen liquid extraction line has been included in the model, even though
it was not considered initially, as it would require an additional component to
vaporise liquid hydrogen, thereby increasing system complexity. The TMS and
FCS are included in the model (Fig. 5.40) due to the need to simulate the coolant
and hydrogen supply, even if, as shown in the previous analysis, they are external
systems. A detail of the hydrogen tank wall is proposed in Fig. 5.42. Starting
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Fig. 5.39 H,SDSys architecture.

from the left-hand side of the image, it can be seen how the external convection
and radiation have been modelled. Then, dedicated blocks are used to simulate
the three layers of materials composing the wall: HDPE UHMW, MLI MD low
p, and Al 5083-0, as well as the heat leaks entering the tank through pipes and
supports. Finally, the heat is exchanged through convection with the gaseous and
liquid hydrogen.

Analogously, a magnified view of the heat exchanger is presented in Fig. 5.43,
where the blue lines describe the hydrogen line while the yellow ones describe the
coolant lines. The heat exchanger design was performed in collaboration with the

aerospace engineer within the industrial team of mentors, who used a dedicated
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design model to size the component’s internal geometries. Starting from the desired
specification provided by the author of the current analysis, the internal dimensions
and the required mass flow rate of coolant have been computed, resulting in a heat
exchanger exhibiting an efficiency around 90%. The reader can refer to the relevant

publications for a more detailed discussion of this topic [212, 213].

The dynamic analysis has been performed in three different runs. The output of
the Python sizing model is used as input for the first run. Then, after analysing the
results, specific outputs have been changed until the third iteration, when acceptable
results have been reached.

The main inputs to start the simulation have been in Table 5.12, while the hydrogen
consumption profile, i.e. the mass flow rate of hydrogen requested by the FCS
throughout the whole flight mission, has been derived in Ch. 3, and it is referred to

as "Nominal mass flow rate" in Fig. 5.44.

The results of the first simulation run are reported in Fig. 5.44, Fig. 5.45, Fig. 5.46,
and Fig. 5.47. All the variables shown are plotted along the same time interval, and,
indeed, it can be useful to analyse them concurrently. Starting from time zero, it
can be seen that the FCS immediately requires a small amount of hydrogen (blue
curve in Fig. 5.44). Thus, the electric resistance, aimed at boiling hydrogen inside
the tank, increasing its inner pressure, immediately supplies the maximum power of
1 kW (Fig. 5.46). However, this boiling process requires a certain amount of time,
and the inner tank pressure takes a while to increase (Fig. 5.45). The density of
liquid hydrogen increases with increasing pressure, and this is the reason why the
tank filling level increases in this first time span (Fig. 5.47). When the internal tank
pressure reaches the value of 4.5 bar, the hydrogen starts out-flowing, the "Mass flow
rate supplied (yellow curve in Fig. 5.44 steeply increases, and the tank starts to drain
(decreasing curve after the maximum in Fig. 5.47). However, the heat previously
introduced through the electric resistance is still making the liquid hydrogen boil. In
fact, the internal tank pressure keeps increasing until it settles at a steady value of
Sbar. Actually, after approximately 2.5 h, the hydrogen out-flowing from the tank
to supply the fuel cell is not sufficient to counterbalance the increase in pressure
generated by the heat entering the tank, so the system starts venting hydrogen into
the external environment (green curve in Fig. 5.44). Thus, a relevant amount of
hydrogen is wasted and after approximately 17 h the tank is emptied.

The results obtained with these first model settings are not acceptable. Ideally, the

nominal mass flow rate curve should be superposed to the supplied mas flow rate
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Table 5.12 Parameters for the dynamic analysis of the Predator UAV.

Parameters Values
Tank inner volume (m”3) 1.840
Tank liquid vapor fraction (-) 0.800
Tank outer surface (m”?2) 7.730
Tank inner surface (m”2) 7.511
Boil-off rate per hour (%/h) 1.600
Boil-off heat in (W) 212.974
Heat pipes and supports factor (-) 0.300
Heat in through pipes and supports (W) 63.892
Liner material Al 5083-0O
Liner weight (kg) 80.998
Liner specific heat (J/kgK) 900.000
Liner inner diameter (m) 1.256
Liner outer diameter (m) 1.264
Liner length (m) 1.911
Liner thermal conductivity (W/mK) 117.000
Insulation material MLI_MD_low_p
Insulation weight (kg) 0.021
Insulation specific heat (J/kgK) 1400.000
Insulation inner diameter (m) 1.264
Insulation outer diameter (m) 1.264
Insulation length (m) 1.911
Insulation thermal conductivity (W/mK) 0.00007
Outermost tank cover material HDPE UHMW
Outermost tank cover weight (kg) 60.847
Outermost tank cover specific heat (J/kgK) 1820.000
Outermost tank cover inner diameter (m) 1.264
Outermost tank cover outer diameter (m) 1.274
Outermost tank cover length (m) 1.921

Outermost tank cover thermal conductivity (W/mK) 0.428
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Table 5.13 aviation fuel and hydrogen fuel consumption profile data.

Aviation fuel Hydrogen
Flight Phase Duration Fuel Block Fuel Block
Rate  fuel Rate fuel

(hour)  (gfs) (kg) (gls) (kg)
Ground idle & Taxiing 0.42 0.54 082 0.19 0.29

Take-off & Climb 1.2 6.76  29.20 2.42 10.46
Cruise Ingress 3.6 372 4821 133 17.28
Loiter 14.4 27 13997 097 50.16
Cruise Egress 3.6 372 4821 1.33 17.28
Descent & Landing 1.2 1.01 436 036 1.56

curve (blue and orange curves in Fig. 5.44). However, this only occurs for relatively
short time spans, corresponding to the cruise ingress phase and to part of the loiter
phase (Table 5.13). The main problems identified are a delay in starting the hydrogen
supply and the relevant amount of hydrogen wasted through venting. Initially, the
cause of the venting line opening was attributed to the heat introduced into the tank
through the electric heater. However, the electricity is supplied at the very beginning
of the flight mission and for a relatively short amount of time. In contrast, the
system continues to vent hydrogen for an extended period of more than 15 h, despite
the boiling effects generated by the introduced electric power being expected to
be extinguished. Therefore, it was hypothesised that the cause could be the heat
naturally penetrating through the tank wall.

In the second run, one hour has been added at the beginning of the simulation
to pre-heat the tank and avoid a delay in the supply of hydrogen. In addition, to
keep the internal tank pressure slightly lower, aiming to prevent or retard the venting,
the electric power input has been set to stop when the inner tank pressure reaches
4 bar, instead of 5 bar as in the previous case. However, before analysing the main
variable trends, the total heat entering the tank has been plotted to quantify the
amount of parasitic heat and understand why so much hydrogen is expelled through
venting (Fig 5.48). Apart from the initial values starting from 5000 W which are
caused by numerical issues not linked to the physical behaviour of the system, the
two curves referring to the actual and previous simulations are in practice the same.
For the sake of completeness, two numerical values have been highlighted to show
that actually there are two curves that, due to specific input changes, may assume

different values, even though from an engineering perspective, no differences can
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be depicted. The heat leakages reach up to approximately 530 W for most of the
mission. The insulation thickness computed through the Python model was the one
generating a boil-off rate of 1.6 %h~!, which turned into a mass flow rate due to
boil-off around 1.7 gs~!. Such a mass flow rate is clearly too high, even overcoming

the values requested during most of the flight phases (Table 5.13).
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Fig. 5.48 Total heat entering the tank throughout flight mission (First and second configura-
tions).

Then, in the third and final simulation, the BOR was then decreased by one
order of magnitude (0.16 %h~!), corresponding to a mass flow rate of 0.17 gs~!,
approximately equal to the minimum mass flow rate requested by the fuel cell
("Ground idle & Taxiing" phase in Table 5.13). The resulting insulation thickness
was 4.95 mm, while it was less than 1 mm in the previous cases. Obviously, in this
case, the heat leakages through the tank wall are much lower and, as a consequence,
the electric power introduced to keep the internal tank pressure at the desired level is
much more (Fig. 5.51). However, nominal and supplied mass flow rate curves are
perfectly superposed, while hydrogen is vented only after the conclusion of the flight
mission (Fig. 5.49). The tank’s inner pressure level, which needs to be kept, has
been lowered to 4 bar and was maintained steadily throughout the mission without
the need for venting hydrogen. Finally, the tank filling level gradually decreases, and

the tank was completely emptied at approximately 24 h.

The main design parameters corresponding to these final system settings have
been reported in Table 5.14. Relatively high values of gravimetric and volumetric
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Table 5.14 Final configuration of the liquid hydrogen tank for the MQ1 Predator UAV.

Data Value

Liner material Al 5083-0O

Liner weight (kg) 81.00

Insulation layers materials MLI_MD_low_p & HDPE UHMW
Insulation weight (kg) 64.32

Tank empty weight (kg) 145.32

Tank diameter (m) 1.28

Tank length (m) 1.94

Gravimetric index (%) 42.52
Volumetric index (kg/m3) 65.77

indices have been found, even though it must be remembered that the outputs of the
Python model only consider the weight of the tank walls.

The very last simulation has been performed to compute the dormancy time,
i.e. the period during which the hydrogen fuel remains stored in the tank without
the need for venting. In practice, this parameter of the system is relevant because
it increases the operational capabilities of the whole aircraft. In practice, if any
unexpected event occurs after the refuelling phase, or if there is a need for refuelling
the aircraft for later use, the document expresses the time interval available between
the refuelling phase end and the moment when the loss of hydrogen starts due to
venting. To compute the system’s dormancy, it is sufficient to close the hydrogen
extraction line and cut off the electrical power supply.

The mass flow rate supplied is obviously null (Fig 5.53), while the systems started
to vent hydrogen after 7.41 h (Fig. 5.54), corresponding to 7 h and 25 min. Overall,
the hydrogen storage and distribution system designed exhibits relevant performance.
Despite being approximated, the gravimetric and volumetric indices were high. Also,
the dynamic design and analysis of the system provided relevant results, taking into
account both the dormancy time just calculated and the system’s ability to meet
the FCS demands while limiting the maximum electric power input to 1 kW and

avoiding boil-off losses throughout the entire flight envelope.
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Chapter 6

Conclusion

6.1 Summary

The purpose of this thesis was to satisfy the needs of the customer by applying
Systems Engineering to the design of a hydrogen storage and distribution system
for aviation through the Model-Based Systems Engineering methodology. All the
efforts and attempts to improve the methodology and to develop models to describe
the system’s behaviour have been supported by validation against data retrieved
from real systems or from the literature and by the experience of industrial experts,
while the methodology has been compared with the industrial platform to evaluate
its feasibility.

To comply with the requests coming from the customer introduced in Chapter 1,
an extended review of the literature has been conducted. In Chapter 2, Systems
Engineering is introduced, together with the terminology useful in the subsequent
analysis, and a description of Model-Based Systems Engineering, including the
methodology, the language, namely the Systems Modelling Language (SysML), and
the tools. Moreover, two sections have been added to introduce the new version of
the SysML, referred to as SysML v2, and to describe the practical advantages of
applying MBSE at the industrial level.

Since large UAVs have been identified by the author as promising platforms to
investigate the use of hydrogen as fuel, in Chapter 3, an introduction to UAVs, to
their applications and their classification is proposed. The focus then shifted to high

altitude long-endurance and medium altitude long-endurance UAV classes. The data
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available from the literature have been collected and compared, and two case studies
have been identified: the MQ-1 Predator by General Atomics and the RQ-4 Global
Hawk by Northrop Grumman. The choice fell on these two aircraft, both due to
the considerable amount of data available in the literature, and because they were
considered representative of their respective classes.

The use of hydrogen in aviation is anything but new. So, to understand why aviation
nowadays aims at shifting towards new technologies, among which hydrogen seems
to be one of the most promising, and also aimed at understanding why hydrogen has
never achieved widespread adoption despite the relevant studies and demonstrators
previously developed, a comprehensive review about the history of hydrogen in
aviation is presented at the beginning of Chapter 4. Then, an investigation to
understand why hydrogen is actually one of the most promising solutions among
those available to store energy is proposed. A description of the different methods
to store hydrogen is then presented, with a focus on the three physical methods for
storing hydrogen.

The core of the analysis is developed in Chapter 5. The application of Systems
Engineering is briefly introduced. A conceptual design path for the application
of MBSE is described and applied in a simplified way to the design of the UAYV,
mainly to make the reader grasp the design thread linking the very initial phase, i.e.,
the analysis of the customer’s needs, with the design of the hydrogen storage and
distribution system. Then, before continuing to apply MBSE, a parametric model to
perform the static preliminary design of the hydrogen tank is presented and applied to
the two case studies just mentioned. Then, the requirements and functional analyses
have been carried out, and a preliminary functional architecture has been developed.
Finally, the dynamic design has been conducted on the whole system architecture,

and the main results have been traced.

The heterogeneity of the work proposed is now evident. Both technical and
methodological aspects have been investigated throughout the doctoral activity.
Thus, the key findings and the implications, delineated in the following section, have

been classified accordingly.
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6.2 Findings and implications

Starting with the methodological findings, the application of Model-Based Systems
Engineering in an industrial R&D context, as well as the limited adoption of well-
established design methodologies, led to subsequent conclusions.

* The adoption of a preliminary MBSE approach facilitated early interaction
among stakeholders throughout the system life-cycle.

* The parallel development of requirements, functional, logical, and physical
analyses proved more effective than a strictly sequential process.

* The availability of preliminary quantitative data was essential to support early
design decisions and feasibility assessments.

* The presence of a unique source of truth proved useful when integration
activities have been conducted and data related to all the sub-systems was
needed.

As MBSE had not been previously adopted, at the beginning of the PhD activity,
attempts have been made to directly apply MBSE approaches retrieved from the lit-
erature. This strategy proved ineffective, as it was not consistent with the company’s
internal activity planning and was perceived as offering limited practical value.
Thus, it was referred to prioritise the development of a comprehensive, though
somewhat preliminary and imprecise, framework covering all the aspects to be inves-
tigated from a high level of detail, instead of pretending to have a detailed output
as a result of each design step and, only after, proceed with the subsequent steps.
In this way, the outputs of the activities conducted by the R&D team were used to
refine the methodology and were collected in the form of constraint requirements or
functions within the model. To do so, it proved convenient to preliminarily develop
requirements, functional, logical, and physical analyses with the information avail-
able, instead of elaborating in detail a certain aspect before moving to the following.
By doing so, the cooperation among the team members was improved with the aim
of having a useful and practical tool, which was the framework itself, that would
then naturally satisfy the needs of the team and ease its adoption.

Following this approach, several issues emerged very early in the design, enhancing

the dialogue between stakeholders. Moreover, in an innovative context like that of
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an R&D unit, very often the technologies and solutions were not available, and if
experimental activities had to be conducted, interactions with potential suppliers

became mandatory and contributed to delineating the design space.

Further evidence of the relevance of promoting communication from the very
early design phases was provided by modelling activity conducted during the first
months of the PhD that had to be reviewed after the beginning of the cooperation
with the system supplier, where mutual needs and constraints rapidly emerged.
However, quantitative data provided through modelling activities was needed to
engage with potential suppliers at the very beginning, even if the system was not
clearly defined nor its objectives. Thus, to avoid developing unnecessary models, the
author found it useful to build a parametric and flexible model exploring the main
aspects all at a high level, which was somehow intended to quantify the design space

rather than size a system.

An additional relevant finding emerged through the design activity was the need
for a unique source of information became evident during integration activities
when the need for aligning all the variables and parameters required a relevant
effort, both in terms of time and work, to collect the data of the subsystems from
all the stakeholders. Several design iterations were needed only to align the several
inputs and outputs to enable the integration among models, because interactions
in the previous phases revealed insufficient or not effective enough. A practical
consequence of this issue has been shown throughout the study. Indeed, during
the analysis on the interaction between the thermal management system and the
hydrogen storage and distribution system, it emerged that the fluid used to heat
hydrogen to bring it to the desired temperature was not available in the initial phases
of the flight mission because it had to reach the steady-state conditions before being
usable. However, the architecture of the model was already designed and analysed
under the assumption that the heating fluid was at a constant temperature. Thus,

further design iterations will be required to include these aspects.

Moving to quantitative findings related to the sizing of the hydrogen storage and
distribution system, conclusions have been delineated from the outputs of static and

dynamic analyses.
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* The choice of insulation material should not be based only on gravimetric
and volumetric efficiencies, nor should it be conducted by considering only

thermal aspects.

* The increase in insulation thickness applied during the dynamic analysis of
the Predator use-case to avoid boil-off losses during the mission decreased
the gravimetric index from approximately 55% to 42.5%, while had minimum

impact on the volumetric index which decreased from 67% to 65.75%.

* The structural aluminium layer was identified as the main contributor to overall

tank mass.

* Despite the relevant gravimetric and volumetric performance derived from
the hydrogen tank static sizing of the Predator and the Global Hawk UAVs,
retrofitting activities proved to be not competitive with respect to fossil fuel

solutions, driving further steps towards entirely new aircraft configurations.

The first general findings worth mentioning are related to the exploration of the
hydrogen tank insulation materials. Being stored at cryogenic conditions, several
aspects related to thermal design are explored in the literature. Concerning passive
insulation, it has been highlighted in this work that relying on gravimetric or vol-
umetric efficiencies to select a proper insulant can be misleading, due to their low
influence on the final performance. Other properties or characteristics should then
be identified as discriminant.

Further proof can be provided by moving to the use cases of the Predator and Global
Hawk UAVs. Indeed, the choice of the insulation material had a relatively low
impact on the performance of the vessel. For the Predator UAV, storing 107.5 kg
of hydrogen, the gravimetric and volumetric indexes range approximately between
50% and 55% and between 67% and 68.5%, respectively. At the same time, for the
Global Hawk, having a storage capacity 2811.84 kg, the gravimetric and volumetric
indexes span from about 42% to 46.33%, and from 60% to 67.23%.

Two additional findings should be analysed: the decrease in gravimetric index for
increasing storage capacity and the low influence of the choice of different insulating
materials on the tank gravimetric and volumetric efficiency, which is even in contrast

with results previously published by the same author of the present thesis.

Typically, increasing the tank capacity also increases its performance. However,

the model includes a correction factor in the structural analysis, leading to an increase
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in the mechanical layer to avoid buckling, which affects larger tanks to a greater
extent.

Concerning the low impact of the insulation material, in the current analysis, the
mechanical aluminium layer accounts for a greater portion of the total system weight
due to its increased thickness to comply with the relatively high operating pressure
imposed by the fuel cell, thus leading to a minimum change in the overall tank mass.

The outputs of the model were used to assess the possibility of retrofitting the
two UAVs. However, comparing the tank dimensions with the estimated volume
available inside the fuselage, it has been concluded that a hydrogen tank storing
the same energy content as jet fuel cannot be installed onboard in either case. An
existing platform has been considered useful to perform experimental operations
during the development phases to be used as a flying test-bed, but retrofitting of an
existing Predator or a Global Hawk UAV would likely lead to a non-competitive
solution. Thus, entirely new aircraft configurations should be explored.

Due to limited time available, the outputs of the Predator UAV were only used
to develop the hydrogen storage system architecture following the MBSE, and to
perform dynamic analyses. The whole system’s architecture was first simulated,
starting from the outputs of the sizing model. The flight mission could not be
completed due to the high amount of hydrogen lost through boil-off. Consequently,
during the second iteration, the heat entering the tank was better analysed, and
the insulation thickness was increased through a further design iteration starting
from the static sizing model. The objectives were achieved, and the flight mission
was completed without any boil-off loss. The resulting performance of the tank
configuration was a gravimetric index of 42.5% and a volumetric index of 65.75%.
Finally, a further simulation was conducted to estimate the dormancy of the vessel,
which resulted in approximately seven and a half hours. The compliance with

requirements deriving from operational scenarios should then be conducted.

The many conclusions delineated above have been separated according to tech-
nical and methodological aspects. However, it must be highlighted that the inter-
correlations between the methodological issues, experimented through the practical
application of MBSE in an industrial R&D unit, and the purely sizing ones, are one
of the main results of this study. Indeed, the doctoral activity described throughout
this dissertation is itself a proof of the relevance of applying a holistic approach.

Systems Engineering, and specifically, Model-Based Systems Engineering, proved
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to be a suitable methodology to implement this holistic approach. Through its
tools, methods and language, several critical issues can be addressed, resulting in

considerable efforts and resources saved.

6.3 Further developments

The work described throughout this thesis has been conducted keeping a holistic
approach, which transversally covers several aspects without pretending to be ex-
haustive. It follows that further developments include a deeper investigation of the
topics already described, as well as the analysis of those that, due to a limited amount

of time, have not been mentioned.

The advantage of implementing Systems Engineering, as well as the key findings
derived from the practical application of MBSE in an industrial context, have already
been mentioned. However, throughout its continuous application, the methodology
can be improved to align with industrial standards, methodologies, and analyses,
including certification aspects related to UAVs and fuel systems, crashworthiness,
hazard assessment methods, operational fault management, or system behaviour
under non-nominal conditions, as well as scenario-based analyses addressing emer-
gency situations, abnormal operating modes, and fault propagation mechanisms.
This would improve model reliability, facilitate qualification, certification, and other

regulatory processes, and improve design assurance.

Other key findings related to the system sizing highlighted the inefficiency of
performing retrofitting activities, thus driving further design phases towards the
investigation of entirely new hydrogen-based aircraft configurations.

Moving into the mechanical design, the hydrogen tank structure should be further
investigated to include structural elements such as stiffeners, support columns, and
annular rings, with the aim of improving the structural capabilities while reducing its
weight and, mainly, to avoid the application of correction factors which may wrongly
influence design choices. The analysis should also include the tank’s supports that,
in the current analysis, have only been modelled as sources of heat leakages in the
thermal analysis. There are even studies in the literature assuming that, by selecting
an insulation material with sufficient mechanical properties, the tank supports could
be attached to the external insulating layer instead of the internal one, thus avoiding
heat leakages through them. However, this was questioned throughout the work due
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to the strict requirements typically imposed in the aviation sector. Specific standards
have not been published yet, but considering that safety-critical systems should be
capable of maintaining their integrity even in the case, for instance, of a hard-landing

scenario, further analysis should be conducted to verify this hypothesis.

The dynamic analysis raises the need for an element that makes hydrogen evap-
orate during the stages of the aircraft mission when the system is operating under
transient conditions, and the coolant cannot provide sufficient heat to vaporise hy-
drogen. It has been preliminarily assumed that during these transitions, an electrical
resistance could be used. However, this possibility needs to be explored to assess
its best allocation in the system architecture, to estimate the required energy, and to
evaluate its integration inside an existing component or the creation of a dedicated
subsystem. Moreover, dormancy has just been computed after several iterations
aimed at increasing the insulation thickness to avoid boil-off losses throughout the
mission. Further steps should optimise these aspects and identify the best configura-
tion complying with requirements and constraints derived, for instance, from airport

regulations or from operational scenarios.

The further developments described here, as well as the key findings mentioned
above, highlight the relevance of performing system design concurrently applying
MBSE and sizing the system. However, the connection between the two is mainly
kept by the engineer who invests relevant effort to keep coherence among the several
elements of this big picture. Actually, this tremendously increases the risk for failures
as the system grows in complexity. This issue can be addressed by applying the new
version of the System Modelling Language, namely SysML v2. Indeed, a relevant
step to advance the design could be represented by the increased interoperability
derived from the application of SysML v2. The author of this thesis investigated this
new language and developed a preliminary tool to automatically verify requirements
during several design iterations to limit repetitive manual operations (Appendix ??).
Due to the limited amount of time, SysML v2 has not been applied in the current
work, but its potential to bridge MBSE and other design activities may lead to

extraordinary advantages in the future.
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Appendix A

Systems Engineering terminology:
stakeholder, customer, and user

Considering the widespread adoption of the terms stakeholder, customer, client, and
user across various disciplines, it has been deemed helpful to provide definitions to

clarify their meanings.

The ISO/IEC/IEEE 15288 standard provides a proper definition of stakeholder.

A stakeholder is any entity (individual or organisation) with a legitimate interest in

the system.

The customer is the entity that commissions the system. The system can be a product
or a service. Typically, if it is a product, the term customer is used to refer to the
buyer, while the term client is sometimes used as a substitute for customer if the
system is a service. However, in SE, the term client is avoided in favour of customer,

which is generally more appropriate.

Finally, the user is any entity that directly interacts with the system to perform
an operational activity. Users are defined here as entities that directly interact with

the system during its lifecycle.

A simple example can be made. Assuming the Sol is an aircraft, a potential
stakeholder would be the Air traffic management institution. The customer could be
a company, such as an airline like Air France, KLM, or ITA Airways. At the same

time, the users would include the passengers, the pilot, the maintenance personnel,
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as well as those interacting with the Sol before its deployment, such as engineers
performing testing activities.

In general, the stakeholder definition also encompasses customers and users, although
this is not always the case. A user can also be the customer and vice versa. In
practice, the distinction between the different roles is not always clear, but, given
that consistency is maintained throughout the design, the most suitable solution must

be found on a case-by-case basis [8, 7, 6].
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Industrial CH, tank data

Table B.1 Type III and IV high-pressure vessel commercial data.

Service  Capacity Empty Length Diam. Vol. Grav. Company Source
pressure weight index
(bar) (kg) kg)  (mm) (mm) @) (%)

Type III tanks
350 0.1 3 450 125 4 323  Steelhead Catalogue
350 0.5 14 2500 125 22 345  Steelhead Catalogue
350 0.6 17 760 280 28 341  Steelhead Catalogue
350 0.9 23 850 330 40 3.77  Steelhead Catalogue
350 1 26 740 340 42 3.70  Luxfer Catalogue
350 1.3 29 875 340 52 429  Luxfer Catalogue
350 1.8 39 900 400 74 441  Luxfer Catalogue
350 1.8 49 880 425 80 3.54  Steelhead Catalogue
350 2.07 70 1016 435 90 2.87  Steelhead Catalogue
350 2.3 48 1458 340 94 4.57  Luxfer Catalogue
350 2.9 58 3 280 125 476  Steelhead Catalogue
350 3 100 1422 435 133 291  Steelhead Catalogue
350 3.6 73 1614 415 150 4.70  Luxfer Catalogue
350 3.8 75 2600 330 165 4.82  Steelhead Catalogue
350 4.85 135 2110 435 205 347  Steelhead Catalogue
350 5 95 2110 415 205 5.00 Luxfer Catalogue
350 6.2 165 2616 435 270 3.62  Steelhead Catalogue
350 6.2 132 2600 425 270 449  Steelhead Catalogue
350 6.5 118 2743 419 280 5.23  Luxfer Catalogue
350 7 168 1372 6604 290 4.00 AST Brochure
350 7.3 129 3048 419 310 5.35  Luxfer Catalogue
350 7.8 138 3165 415 322 535  Luxfer Catalogue
350 10.8 222 1963 660.4 445 4.64 AST Brochure

Type IV tanks
700 0.4 10 735 170 9 3.85  Steelhead Catalogue
700 1 24 1750 170 26 4.00  Steelhead Catalogue
700 1.4 33 921 332 36 4.07  Hexagon Purus Brochure
700 2.1 36 900 350 53 5.51 ILJIN Hysolus  Website
700 2.1 37 878 368 534 5.37 Hexagon Purus Brochure
700 24 50 860 410 63 4.58  Steelhead Catalogue
700 3.1 59 1050 440 76 499  Hexagon Purus Brochure
700 4.1 66 1653 350 103 5.85 ILJIN Hysolus Website
700 4.6 79 123 445 115 5.50 ILJIN Hysolus  Website
700 7 118 2100 410 180 5.60  Steelhead Catalogue
700 7.4 117 1850 445 185 595 ILJIN Hysolus  Website
700 9.8 188 2154 530 244 495  Hexagon Purus Brochure
700 14.6 191 2060 600 364 7.10 Hexagon Purus Brochure
700 18.4 272 2078 705 457 6.34  Hexagon Purus Brochure


https://hyfindr.com/en/shop/products/category/components/hydrogen-tanks?filters%5Btaxon%5D%5B0%5D=gaseous_hydrogen_tanks
https://hyfindr.com/en/shop/products/category/components/hydrogen-tanks?filters%5Btaxon%5D%5B0%5D=gaseous_hydrogen_tanks
https://hyfindr.com/en/shop/products/category/components/hydrogen-tanks?filters%5Btaxon%5D%5B0%5D=gaseous_hydrogen_tanks
https://hyfindr.com/en/shop/products/category/components/hydrogen-tanks?filters%5Btaxon%5D%5B0%5D=gaseous_hydrogen_tanks
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Publications produced throughout the
PhD

Filippo Mazzoni, Eugenio Brusa, Cristiana Delprete, Camilo Andrés Manrique-
Escobar, Alberto Dagna, Grazia Accardo. Bridging Requirements and Design in
MBSE: Leveraging SysML v2 for Automatic Verification. Accepted to 2025 IEEE

International Symposium on Systems Engineering (ISSE), Paris, France, 2025.

Filippo Mazzoni, Roberta Biga, Camilo Andrés Manrique-Escobar, Eugenio Brusa,
Cristiana Delprete. Design space exploration through liquid H, tank preliminary
sizing and design of experiments analysis. International Journal of Hydrogen Energy,
Volume 95, 2024, pp. 1252-1260. DOI: 10.1016/j.ijhydene.2024.08.017.

Filippo Mazzoni, Grazia Accardo, Roberta Biga, Eugenio Brusa, Cristiana Delprete,
Camilo Andrés Manrique-Escobar, Valeria Vercella. Hydrogen storage system design:
case studies for airborne application. 34th Congress of the International Council of
the Aeronautical Sciences, 2024.

Filippo Mazzoni, Roberta Biga, Camilo Andrés Manrique-Escobar, Eugenio Brusa,
Cristiana Delprete. Design space exploration through liquid H, tank preliminary
sizing and design of experiments analysis. European Fuel Cells and Hydrogen
Conference, 2023.
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Filippo Mazzoni, Eugenio Brusa, Cristiana Delprete, Camilo Andrés Manrique-
Escobar, Grazia Accardo. Quantitative assessment of hydrogen fuel tank design
optimisation on hydrogen-powered regional aircraft weight and UAV endurance.

Under peer review.

Eugenio Brusa, Cristiana Delprete, Lorenzo Giorio, Filippo Mazzoni. Design path-
ways for Additively Manufactured metal components supported by the Systems

Engineering Methodology. Under peer review.
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