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1. Introduction
The aerospace industry is increasingly focusing on developing sustainable and environmentally friendly
propulsion systems. Hydrogen, as a clean energy carrier, offers a promising solution due to its high
energy density and zero carbon emissions when used in fuel cells. However, effective storage of
hydrogen poses a significant challenge, particularly in the weight-driven environment of aerospace.

Reducing the weight of aerospace systems is essential for improving fuel efficiency, increasing payload
capacity, and enhancing overall performance. This necessity drives the demand for lighter systems,
which can be achieved through the use of composite materials. Composites, such as carbon fiber-
reinforced polymers (CFRPs), provide an excellent strength-to-weight ratio, corrosion resistance, and
design flexibility. These materials enable the creation of complex shapes, making them ideal for inno-
vative structural designs in hydrogen storage systems.

Type IV pressure vessels are a class of composite pressure vessels with a polymer liner fully wrapped
with a composite material such as CFRPs. They are designed to withstand high-pressure hydrogen
storage while being significantly lighter than their metal counterparts. The use of advanced composites
in Type IV pressure vessels not only reduces the overall weight but also enhances their durability and
performance, making them a preferred choice for hydrogen storage in aerospace applications.

Urban Air Mobility (UAM) represents a transformative vision for future urban transportation, utilizing
electric or hybrid-electric vertical takeoff and landing (EVTOL) aircraft to move people and goods within
urban areas. These aircraft require highly efficient and lightweight energy storage solutions to maximize
range and payload while ensuring safety and performance standards. Hydrogen fuel cells, with their
higher energy density compared to batteries, are a promising technology for powering UAM vehicles.

Traditional cylindrical compressed hydrogen pressure vessels, while effective for stationary applica-
tions, present challenges in the transportation sector. Their shape and limited volumetric efficiency
result in sub-optimal use of space within vehicles, complicating integration and impacting performance.
Moreover, the weight of these pressure vessels can offset some of the advantages offered by hydrogen
fuel cells.

Conformable compressed hydrogen storage systems, designed to fit irregular spaces within a predeter-
mined structure, offer a potential solution to these challenges. By optimizing the shape and distribution
of storage tanks, these systems can enhance volumetric efficiency and integrate seamlessly into air-
craft design. Additionally, the use of composite materials in these conformable tanks can further reduce
weight, improving the overall performance and feasibility of hydrogen-powered UAM vehicles.

1.1. Research scope & goals
In collaboration with TU Delft and Expleo Group, this research project will propose a conformable com-
pressed hydrogen storage solution for the Varuna EVTOL. Expleo aims to convert its existing electric
passenger drone to a hydrogen-powered vehicle and increase its expertise in novel composite hydro-
gen storage solutions while minimizing the impact on the existing design. The project will focus on
the preliminary design phase. The goal of this project is to develop a large-scale conformable Type IV
compressed hydrogen storage design for a small air passenger vehicle. This project seeks to push the
boundaries of hydrogen storage technology. By using advanced composite materials and innovative
design methodologies, the objective is to create a storage system that optimizes volumetric efficiency,
integration flexibility, and overall performance. This research aims to contribute to the advancement
of clean energy technologies in the aerospace industry, paving the way for efficient and eco-friendly
hydrogen-powered aviation.

1.2. Varuna EVOL
The Expleo EVTOL Varuna vehicle is one of the key aspects of the research project. The Varuna project
aims to develop a small aircraft capable of taking off and landing using electrical propulsion [1]. The

1



1.3. Research questions 2

purpose of the project is to investigate the recent developments in electrical technology that make such
a project possible as of 2023.

Varuna is a system that aims to meet the growing need for Urban Air Mobility (UAM) and so-called
”Flying taxis”. Given the recent major advancements in electrical propulsion such as motors, batteries,
fuel cells, and electronic control systems, this technology has garnered much interest and investment
in recent times [1].

The solution proposed by Expleo aims to investigate most of these aspects. The system is going to be
a 4-seater quad-rotor running on batteries. The system shall be able to take off and land from both sea
and ground and shall be multipurpose (aerial surveillance, medical, inspection, civil or VIP transport,
and aerial freight) [1]. Furthermore, the system shall include innovative technologies to improve safety,
performance, and operational costs.

At this stage in the project the system uses a battery system to store the energy required to operate
the EVTOL [1]. This research project aims to develop an innovative hydrogen storage system so that
the current system can be powered using hydrogen fuel cells with onboard hydrogen storage. In the
figure below a render of the current system can be seen. Note that as the project progresses several
design changes may occur as this is an internal research project for Expleo Group [1].

Figure 1.1: Overview of Varuna EVTOL

1.3. Research questions
To achieve the project goals, the research will address several key questions that explore the potential
benefits and challenges of implementing conformable pressure vessels in UAM vehicles. The main
research question guiding the research project is:

“To what extent can Type IV conformable compressed hydrogen pressure vessels enhance the
efficiency and performance of UrbanAir Mobility (UAM) vehicles compared to conventional Type
IV pressure vessels?”

To answer this research question several sub-questions need to be addressed. These can be found in
the list below.

• How much can conformable pressure vessels increase the hydrogen mass stored within a pre-
determined volume compared to conventional pressure vessels?
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• To what extent can conformable pressure vessels make better use of available space in UAM
vehicles compared to conventional pressure vessels?

• How do conformable pressure vessels affect the operational range of UAM vehicles compared to
conventional pressure vessels?

• How does the weight of conformable pressure vessels affect the overall weight and balance of
UAM vehicles compared to conventional pressure vessels?

These questions aim to comprehensively evaluate conformable hydrogen storage solutions and their
implications for the efficiency, performance, and design of UAM vehicles like the Varuna EVTOL.



2. Methodology
The first step of the research project is to establish the design methodology. This can be done by
identifying the goals and philosophy of the project as well as the aims of the various stakeholders. The
research project aims to explore conformable Type IV pressure vessel solutions for vehicular design.
This will be achieved by developing a toolbox for conceptual design and comparing existing solutions
to the proposed solution. This toolbox will be developed for pre-existing vehicles to develop solutions
with minimal impact on the original vehicle and structure.

As such the research project will follow an unconventional design approach. This is mainly due to
the dual requirement of developing both a conformable compressed hydrogen storage solution and
a comprehensive toolbox for preliminary design. The first part of the research project will focus on
developing the toolbox and relevant models required for conceptual design. To do this a conventional
Type IV pressure vessel will be designed and used as a baseline for verification. The research project
will focus on the preliminary design stage.

The first step will be to perform a functional analysis of the Varuna EVTOL while considering all stake-
holder needs and requirements. This will be useful to determine the various performance requirements
of the hydrogen system while establishing a set of system requirements. These requirements can then
be used to compare the conventional and conformable design while ensuring that they apply to the
current Varuna design.

The outcome of the functional analysis will be used to develop the preliminary sizing model, which will
serve to design a conventional Type IV pressure vessel according to the performance requirements.
This model will provide a first-level estimate of hydrogen mass, that can then be used to define the
various geometrical dimensions of the pressure vessel. At this stage, a list of material candidates
will be identified for the various components of the pressure vessel. The materials will be chosen
during the preliminary design. Additionally, various dome designs and manufacturing processes will be
considered. Finally, the preliminary sizing will conclude with an initial structural sizing. At this stage, a
conceptual design of a Type IV pressure vessel will be finished and can be used as the baseline for
verification and comparison with the conformable solutions.

The next step of the design project is to develop a thermal and structural analysismodel that can be used
to verify the outcome of the preliminary sizing. This can also be used to quickly iterate through a variety
of designs and solutions later on. The thermal and structural models will be verified using data available
in the literature before being applied to the conventional design. At this stage, the hydrogen state
modeling will also be verified using a variety of models and equations of state for gaseous hydrogen.

Once the conventional design is completed, a performance and efficiency analysis will be performed.
This will be used to define the various criteria used to compare the different solutions. Here, the capa-
bility of a hydrogen-powered Varuna with a conventional pressure vessel will be determined. This will
be the final step in the design of the conventional pressure vessel. At this stage, the preliminary design
of the conventional tank and the toolbox for conceptual design are completed and verified.

The next step is to explore different conformable storage solutions, which will be done by generating a
list of concepts and selecting the best candidate via a tradeoff. Once a concept has been chosen, it will
be designed using the toolbox and models previously developed. The chosen concept’s performance
and efficiency will be evaluated to compare it with the conventional design. This will be done via a
comparative analysis. This comparative analysis will determine whether conformable solutions are
advantageous for the given application.

The research project will conclude by determining the next steps to transform the conceptual design
into a detailed design which will be integrated into the Varuna EVTOL. The design will be expanded
upon within Expleo Group and will serve as a baseline for future designs within the company.
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3. Functional analysis
The first step of the research project, as seen in the project timeline and design methodology (See
Chapter 2), is to perform a functional analysis. This starts by identifying the stakeholder needs and
need statement. These can then be translated into a set of clear requirements with corresponding
identifiers (IDs). The next part of the functional analysis consists of deriving the constraints imposed
on the design. Finally, the stakeholder requirements and design constraints can be translated into a
set of technical system requirements which can be used to verify the design at a later stage.

3.1. Requirement identification
In order to generate a set of clear stakeholder requirements the research project need statement must
be identified. Furthermore, it is necessary to organize the requirements using IDs such that they can
be readily accessed. Finally, the stakeholder requirements are generated from the various stakeholder
needs. There are two main stakeholders for this research project: the TU Delft and Expleo Group are
represented by Julien Van Campen and Valentin Bruere respectively.

3.1.1. Need statement
The need statement conveys the needs of the different stakeholders in a concise and clear way, that
can be used to identify the scope and goal of the research project. Given that this is both a research and
design project, the need statement consists of two main needs. The need statement for the research
project is:

“There exists a need for compressed hydrogen storage solutions with unconventional shapes
for applications where the shape and geometry of the surrounding system cannot be altered.
Additionally there exists a need for Expleo to increase its knowledge and expertise in con-
formable composite gaseous hydrogen storage solutions for aerospace applications”

3.1.2. Requirement ID generation
Before the stakeholder needs can be translated into a set of unambiguous requirements it is necessary
to establish a proper requirement identification method. Each requirement must be assigned an ID.
Hence requirements IDs are generated according to this pattern:

AAA-BBB-XXX where AAA and BBB are alphabetic characters while XXX are numeric characters.

• In the AAA field, the requirement type is indicated as an acronym.
• In the BBB field, the requirement subtype is indicated as an acronym.
• In the XXX field, the requirement ID is indicated as a 2-digit number. IDs cannot be reused even
if requirements are deleted.

The different requirement types and subtypes can be seen in Table 3.1.

Table 3.1: Requirement types, subtypes, and their corresponding acronyms

Types Subtypes
Acronym Term Acronym Term

SHR Shareholder EXP Expleo
SYS System TUD TU Delft

THERM Thermal
OPS Operational
SAFE Safety
MAT Material
GEN General

5
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3.1.3. Stakeholder requirements
The set of user requirements has been generated from the stakeholder needs. The main stakeholders
of this project are Expleo Group and the TU Delft Faculty of Aerospace Engineering.

The Expleo Group stakeholder needs stem from the initial project proposal for the Varuna EVTOL [1].
The project needs are ever-evolving as this is an internal research project with a variable team and
as such new needs might arise on Expleo’s side. However, for the sake of the research project, the
stakeholder needs will be fixed. The final version of the stakeholder needs will be those of January
2024.

Given that the project is a research project and not a conventional design exercise several require-
ments stem from the research gaps that were identified in the literature study. The TU Delft needs are
those that originate from the literature study, discussions with the thesis coordinator, and the project
goals. The TUD stakeholder requirements are specific to the hydrogen storage vessel while the EXP
requirements refer to the Varuna EVTOL as a whole. The stakeholder requirements can be found in
Table 3.2 and 3.3.

Table 3.2: Expleo stakeholder requirements

ID Requirement
SHR-EXP-01 Varuna shall be a quadrotor system.
SHR-EXP-02 Varuna shall be fully powered by electricity.
SHR-EXP-03 Varuna shall be able to land on the ground and water.
SHR-EXP-04 Varuna shall have a low environmental and noise impact.
SHR-EXP-05 Varuna shall be multi-purpose: civil, military.
SHR-EXP-06 Varuna shall be a modular 4-seater vehicle depending on mission requirements.
SHR-EXP-07 Varuna shall have an endurance of 1 [h].
SHR-EXP-08 Varuna shall be able to fly at 100 [kmh−1].
SHR-EXP-09 Varuna’s energy shall be provided by batteries or hydrogen.
SHR-EXP-10 Varuna shall employ new innovative technologies and methodologies.
SHR-EXP-11 Varuna shall be safe.

Table 3.3: TU Delft stakeholder requirements

ID Requirement
SHR-TUD-01 The hydrogen storage solution shall be a composite pressure vessel.
SHR-TUD-02 The hydrogen storage solution shall be a Type IV pressure vessel.
SHR-TUD-03 The hydrogen storage solution shall be a conformable pressure vessel.
SHR-TUD-04 The hydrogen storage solution shall control & distribute hydrogen to Varuna.
SHR-TUD-05 The hydrogen storage solution shall be efficient (volumetric/gravimetric).
SHR-TUD-06 The hydrogen storage solution shall be lightweight.
SHR-TUD-07 The hydrogen storage solution shall be a high-pressure storage vessel (70 [MPa]).
SHR-TUD-08 The hydrogen storage solution shall operate within a safe temperature range.
SHR-TUD-09 The hydrogen storage solution shall be durable and reliable.

3.2. Design constraint analysis
Before the system technical requirements can be drafted, it is necessary to perform an analysis of the
design to identify the various constraints. These constraints are mainly geometrical since most of the
operative requirements can be found in Table 3.2. To identify the constraints, a spatial breakdown of
Varuna must be performed. The various dimensions of the spatial breakdown can then be specified.

3.2.1. Varuna EVTOL spatial breakdown
A global view of Varuna can be found in Figure 1.1 In order to identify the potential design spaces and
constraints Varuna must be split into multiple sections. This is done in Figure 3.1 where the vehicle is
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split into three main sections: cabin, cargo, and tail. Each section is represented by a bounding box
and volume in CATIA which are simplification of the original structure.

Figure 3.1: Overview of Varuna sections. Cabin in red, tail in green and cargo in purple

Each bounding box represents the design space for each section, individual subsystems must be con-
tained within a single section for structural reasons. The cabin (See Figure 3.2) is where the navigation
and control subsystem are contained. It is where the pilot and passengers are located as well as the
main structural components such as rotor arms and floor. This section cannot be used as the location
for the hydrogen storage system. This is because it is already encumbered and the passengers or pilot
cannot be moved to another section. Furthermore, the hydrogen storage system needs to be distanced
from the passengers to ensure their safety in case of pressure vessel failure.

Figure 3.2: Bounding box of cabin section

The cargo area (See Figure 3.3) is where the current battery arrays are stored, this section is relatively
large. The batteries are located in this section to lower the center of gravity of the vehicle while dis-
tributing the center of gravity over the vehicle footprint. This section would be the ideal location for
the fuel cell array when transforming Varuna from a battery-powered vehicle to a hydrogen fuel cell
vehicle. This is because the fuel cell array exhibits similar properties to the battery array in terms of
mass and volume. Furthermore, this location is not ideal for the hydrogen storage subsystem in case
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of a crash as the passengers are situated right above the cargo area. The crash might lead to failure
of the pressure vessel and an explosion below the passengers.

Figure 3.3: Bounding box of cargo section

The final section is the tail section (See Figure 3.4), this is where the hydrogen storage system will be
located. It is a large and relatively empty section. Furthermore, it is safer in terms of crashes than the
other sections. It can be separated from the cabin via a strong divider. The limitation of having the
storage system in the tail is that it increases the height of the center of gravity and shifts it backward
which is undesirable for control purposes.

Figure 3.4: Bounding box of tail section

3.2.2. Varuna EVTOL dimensions
Now that the different sections have been identified, it is important to measure the various sections.
These dimensions will determine the maximum volume and shape of the subsystem as the bounding
box is considered to be fixed for this vehicle and cannot be changed. Top-level estimates can then be
derived from these dimensions and used in Chapter 4. An overview of all dimensions can be found in
Figure 3.5
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Figure 3.5: Varuna breakdown dimensions

3.3. Technical system requirements
Using the stakeholder requirements and the constraint analysis, a list of top-level system technical
requirements can be generated. These requirements can be used to verify and validate the design
in Chapter 8. Given that the research project will provide a preliminary design for a modular hydro-
gen storage system, the list of requirements does not contain all technical requirements. The list of
requirements focuses on the primary needs and requirements of the system. They are broken down
by subsystem and can be found in Table 3.4

Table 3.4: System technical requirements

ID Requirement
SYS-THERM-01 The maximum vessel temperature shall be less than 85 [°C].
SYS-THERM-02 The minimum vessel temperature shall be less than -40 [°C].
SYS-OPS-01 The nominal storage pressure shall be 70 [MPa].
SYS-OPS-02 The empty storage pressure shall be 2 [MPa].
SYS-OPS-03 The storage vessel’s usable hydrogen mass shall be at least 33.34 [kg].
SYS-OPS-04 The maximum filling pressure shall be less than 125 [%] of nominal pressure.
SYS-SAFE-01 The storage vessel burst pressure safety factor shall be above 2.25 [-].
SYS-SAFE-02 The storage vessel shall have a permeation rate of less than 46 [mLh−1]
SYS-MAT-01 The storage vessel wall material shall be a composite material.
SYS-MAT-02 The storage vessel liner material shall be a polymer material.
SYS-GEN-01 The storage vessel shall be positioned inside the tail zone of Varuna.
SYS-GEN-02 The storage vessel shall provide enough hydrogen to complete the mission.

The aforementioned requirements are driven by regulations, stakeholder requirements and design con-
straints. Requirements SYS-THERM-01, SYS-THERM-02, and SYS-OPS-04 directly stem from the
SAE J2601 fueling protocol [2]. Requirements SYS-OPS-01, and SYS-OPS-02 are driven by current
technology in composite material capabilities and fuel cell inlet pressure requirements respectively [3,
4]. An empty pressure of 2 [MPa] ensures sufficient inlet pressure for the fuel stack array [5]. Re-
quirement SYS-OPS-03 is directly taken from Chapter 4 and is generated from the vehicle energy
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requirements. SYS-SAFE-01 and SYS-SAFE-02 are directly taken from industry standards ISO/TS
15869 and R314 which define safety factor and permeation rates for compressed hydrogen storage so-
lutions. The material and general system requirements are generated from stakeholder requirements
SHR-TUD-01, SHR-TUD-02, SHR-EXP-07, SHR-EXP-08, and SHR-EXP-09 as well as the constraint
analysis in Section 3.2.

Now that the system functional analysis is completed, the next step of the research project, the system
preliminary sizing, can be started. This will be covered in the next chapter.



4. Preliminary sizing
Using the set of unambiguous technical requirements a preliminary sizing of the hydrogen storage
vessel can be performed. Note that the preliminary design will be set up for the conventional single
tank configuration and that the tools andmodels developed can then be used to design the multi-cellular
configuration in Chapter 9.

The preliminary design phase starts with a performance analysis of the Varuna system, and then the
required hydrogenmass and volume can be derived. This can then be used to compute the geometrical
dimension and shape of the system. Finally, netting analysis [6, 7] can be used to derive the required
structural thicknesses. An overview of the preliminary design can be found in Chapter 7.

4.1. Varuna performance breakdown
In order to derive the required hydrogen mass and volume for Varuna to perform its mission it is nec-
essary to look at its power and energy requirements. Varuna is currently a quad-rotor electric vehicle.
Its total mass is 3200 [kg] including 1000 [kg] of batteries.

The power and energy requirements have been obtained by exchanging with the power and propulsion
team of the Varuna EVTOL project. Since the technical maturity of the project is relatively low, they are
estimates. The hovercraft requires 1.3 [MW] of power for takeoff and an average power of 0.9 [MW]
for hovering. Furthermore, it is known that the takeoff and climb phase takes 5 [min] of the total flight
time. An overview of the flight parameters can be found in Table 4.1.

Table 4.1: Varuna flight parameters

Property Value Unit
Vehicle mass 3200 kg
Battery mass 1000 kg
Takeoff power 1.3 MW
Hover power 0.9 MW
Flight time 60 min

Takeoff/Climb time 5 min

Figure 4.1 shows the required power over the flight time. Using these flight parameters, the required
hydrogen mass and volume can be derived. This will be done in the next section.

11
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Figure 4.1: Graph of required power versus flight time

4.2. Hydrogen mass & volume sizing
To obtain the required hydrogen mass and volume, the overall energy requirements of the Varuna EV-
TOL must be derived. This can be done using the flight parameters from Section 4.1 and Equation 4.1.

mH2 =
Ereq

eH2 · ηFC
=

pavg · tflight
ηFC · LHVH2

(4.1)

Where mH2 is the required hydrogen mass, Ereq is the required energy, eH2 is the specific energy of
hydrogen, ηFC is the fuel cell efficiency, pavg is the average power required, tflight is the flight time and
LHVH2 is the lower heating value of hydrogen.

A few assumptions are made for this equation to be true. First of all the fuel cells are the only compo-
nents that contribute to the system energy losses, other losses are neglected. The fuel cell efficiency
is taken at End-of-Life (EOL) Next the lower heating value of hydrogen gas is used as the specific en-
ergy, this is in accordance with the European Union (EU) convention for fuel cell design [8]. Finally, the
power required is taken as constant throughout the flight with a value of 1 [MW], 7 [%] higher than the
actual average power of 0.933 [MW]. This is done to provide a conservative estimate of the required
mass to account for electrical losses and permeation.

The mass obtained in Equation 4.1 represents the required usable hydrogen mass. The pressure
vessel shall never be fully emptied such that a constant flow of hydrogen can be fed to the fuel cell
array throughout the flight time. As the hydrogen mass inside the tank decreases so does the pressure.
It is assumed that the mass outflow is constant throughout the flight time. In order to ensure that the
fuel cell stack receives a steady supply of hydrogen, a minimum empty pressure of 2 [MPa] is required
[5].

With a given empty and nominal pressure, a required hydrogen mass, and an assumed storage tem-
perature the required tank volume can be derived from Equation 4.2, 4.3, 4.4 and 4.5. These equations
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can also be used to derive the empty and filled hydrogen masses. Here it is assumed that the hydro-
gen temperature is constant and it is stored at normal temperature (293.15 [K]). In reality, the hydrogen
temperature will increase during filling which will lead to a slight overpressurization, this will be covered
in Section 8.1.

Pe =
Ze ·me ·Rg · TH2

Vt ·MH2
(4.2)

Pf =
Zf ·mf ·Rg · TH2

Vt ·MH2
(4.3)

mf = mH2 +me (4.4)

Zi = 1 +
βPi

Ti
(4.5)

Where subscript e stands for empty, subscript f stands for full, Pe is empty pressure, Pf is filled pressure,
Ze is the empty compressibility factor, Zf is the filled compressibility factor, me is the empty hydrogen
mass,mf is the total hydrogen mass,mH2 is the usable hydrogen mass, Rg is the gas constant, TH2 is
the hydrogen temperature, Vt is the tank volume, MH2 is the molar mass of hydrogen and β is a fitting
coefficient.

Here the equation of state is taken from [9]. This is because at high-pressure hydrogen does not behave
like an ideal gas, the compressibility factor accounts for the variation between ideal and real gas laws
at a given pressure and temperature. A comparison between the ideal gas laws and different real gas
equations of states can be found in Section 8.1. With the required hydrogen masses and tank volume,
the tank dimensions can be derived. This will be covered in the next section.

4.3. Geometrical dimensioning
The next step of the preliminary sizing is to estimate the tank dimensions in order to get a top-level
estimate of the total system volume inside the Varuna tail section. This section is related to Section 4.4
as the wall thickness is required to compute the various tank dimensions.

Figure 4.2: Diagram of assumed tank shape

The storage vessel is assumed to be a standard cylindrical pressure vessel with hemispherical end
caps. Furthermore, a certain length-to-diameter (L/D) ratio is assumed. This way the tank length,
cylinder length, and inner diameter can be computed from the required tank volume of Section 4.2.
This is done via Figure 4.2 and Equation 4.6.

Vdome =
4

6
πR3

i Vcyl = πR2
iLcyl Vt = 2Vdome + Vcyl Lcyl = (

L

D
− 1) · 2Ri (4.6)
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Where Vdome is dome volume, Vcyl is cylinder volume, Vt is tank volume, Ri is inner tank radius, Lcyl

is cylinder length and L
D is the assumed L/D ratio.

The next step is to compute the volume of the liner which is taken to be 5 [mm] to prevent hydrogen
permeation [4]. It is assumed that the thickness of the liner is constant. Hence the liner volume is
considered to be a 5 [mm] shell around the hydrogen volume. A similar approach is taken to estimate
the wall volume, this time taking the thicknesses obtained Section 4.4. Figure 4.3 shows how the tank
is separated into three sections with corresponding radii. By taking the material densities of the liner
and wall material, a top-level estimate of mass can be derived.

Figure 4.3: Tank volume and section breakdown by radius and material

With the inner radius obtained from Equation 4.6, the wall thickness can be computed according to
netting analysis. This will be done in the next section and will be the final step in the preliminary design
of the pressure vessel.

4.4. Structural sizing
To conclude the preliminary sizing an estimate of the wall thickness for the cylindrical and dome sections
must be generated. The pressure vessel will be filament wound, themanufacturing process is important
in the design of composite structures since it influences the mechanical properties of the structure [10].
Netting analysis can be used during the initial sizing of filament wound pressure vessels [6, 7, 11].

Figure 4.4: Free body diagram of a filament wound pressure vessel [6]

Figure 4.4 shows the free body diagram of a filament wound pressure vessel sized using netting analy-
sis. The fibers are wound around the pressure vessel at an angle α with respect to the tank axis. Note
that the material is orthotropic with axial and transverse mechanical properties. In netting analysis, a
few assumptions are made. The first is that the pressure vessel is thin-walled

(
R
t > 10

)
. Secondly,

the wall acts as a membrane, which means there are no shear loads or out-of-plane bending loads [6].
Finally, netting analysis assumes that the fibers provide all the stiffness and strength which makes this
sizing method conservative [12].
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Filament wound pressure can be wound in a geodesic or non-geodesic winding pattern according to
Equation 4.7 [12, 13]. The winding consists of helical layers at a given winding angle and circumferential
layers. Circumferential layers can only be wound on the cylindrical part of the cylinder due to slippage.
The winding pattern determines the winding angle along the cross-section, a geodesic winding pattern
is one where δ is 0. This pattern requires no additional friction during manufacturing to prevent the
filament bands from slipping [13]. Geodesic wound pressure vessels have a constant angle α0 in the
cylindrical section and a variable angle in the domes. This winding pattern results in a hole at the crown,
this happens when the filament band reaches an angle of 90° with respect to the meridional contour. At
the location of the hole, an aluminum insert called a boss is installed to close the cylinder and reinforce
the area locally. On one side the insert contains a valve such that the tank can be filled and emptied.
The pressure vessel will be wound with a geodesic pattern, this will be discussed further in Chapter 6.
Hence the constant angle α0 in the cylindrical section is determined by the boss diameter according to
Equation 4.7.

α(R) = arcsin
(
R0

R

)
± δ

(
R−R0

Rtl −R0

)ngd

α0 = arcsin
(

R0

Rcyl

)
(4.7)

Where α is winding angle, α0 is winding angle in cylindrical section, R0 is the boss radius, R is the local
radius, Rtl is the radius at the dome cylinder tangent line, Rcyl is the cylinder radius, δ and ngd are
constants related to the non-geodesic winding pattern.

Thin-walled pressure vessels experience two principal stresses caused by the hoop and axial mem-
brane loads (See Equation 4.8, 4.9, 4.10) [6, 7]. The helical layers at angle α0 provide stiffness and
strength in both axial and hoop directions. Meanwhile, the hoop layers only provide stiffness and
strength in the hoop direction. The required thickness in helical and hoop layers can be computed ac-
cording to Equation 4.11. Note that the dome thickness and cylinder thickness are taken to be constant
and equal to the sum of the helical and hoop thicknesses. Even though hoop layers cannot be wound
around the dome this assumption is taken for the top-level mass estimations and is conservative. In re-
ality, the dome thickness varies along the length, this will be covered in Chapter 6. Finally, the number
of layers can be computed according to Equation 4.12

Nθ = PR Nϕ =
PR

2
(4.8)

Nθ = σf · t sin (α)2 Nϕ = σf · t cos (α)2 (4.9)

σθ =
Nθ

t
σϕ =

Nϕ

t
(4.10)

tθ =
PR

2σf · SF
·
[
2− tan (α)2

]
tα =

PR

2σf · SF · cos (α)2
(4.11)

nθ =

⌊
tθ
tply

⌋
nα =

⌊
tα
tply

⌋
(4.12)

Where Nθ is hoop membrane load, Nϕ is axial membrane load, P is pressure, R is the radius, t is
thickness, tα is helical thickness, tθ is hoop thickness σf is the failure stress of the material, SF is the
safety factor, α is the winding angle, nα is the number of helical layers, nθ is the number of hoop layers
and tply is the ply thickness.

The thicknesses can be used as an input in Section 4.3 to compute the wall mass. This is the final
step of the preliminary sizing. By choosing an appropriate material the mass, volume, and shape of
the pressure vessel can be determined. The material choice and design will be discussed in the next
chapter.



5. Composite pressure vessel material
selection & stacking sequence design

It is necessary to establish a material choice and design methodology to complete the design of the
standard pressure vessel. To use the tools and models developed in Chapter 4, a material must be
chosen for the liner, tank wall, and tank bosses. First, a list of material candidates will be identified, then
the material design model will be detailed. Finally, the material and laminate choices will be discussed.

5.1. Material candidates
In the design of Type IV pressure vessels, it is important to choose high strength low-density temper-
ature resistant material to achieve designs capable of withstanding up to 70 [MPa] of pressure with
a high gravimetric efficiency (See Section 10.1.1). Type IV pressure vessels are made up of multiple
materials for different components.

Each Type IV pressure vessel contains two bosses which are inserted at the dome crowns, this is
due to the filament wound manufacturing process which leaves a gap at the crown. One boss often
contains a valve such that it can be connected to the hydrogen control and delivery system, meanwhile
the other side is a closed boss. The bosses are inserted and fixed to the composite layers during
the filament winding process. Figure 5.1 shows the typical design of a Type IV pressure vessel with
each component. Typically the bosses are made of metal; this is because the bosses have a complex
shape which would be costly to manufacture in composite material. Furthermore, they exhibit good
thermal properties which is desirable for filling and emptying (See Section 8.2). In general, the bosses
are made up of aerospace-grade metals due to their high strength-to-weight ratio, and environmental
and heat resistance [14]. The main candidates for boss material are aluminum and titanium alloys,
the vast majority of bosses are made from aluminum due to its high strength-to-weight ratio and high
machinability at low cost [14].

Figure 5.1: Cross-sectional view of a standard Type IV pressurized vessel [15].

The choice of liner material is important in the design of Type IV pressure vessels. The liner must
be able to withstand a large temperature range, have a high failure strain and a low permeation rate
[16]. The large temperature range is due to the high difference in temperature of the hydrogen during
operations. The high failure strain allows the liner to follow the shape of the wall as it deforms due to
the pressure inside the tank without failing or collapsing [17]. Finally, the main purpose of the liner is to
prevent hydrogen leakage through the skin therefore it must have a low permeation rate. High-Density
Polyethylene (HDPE) is used in the vast majority of cases due to its presence in compressed natural
gas applications and high technical maturity. Recently, polyamide liners, most notably PolyAmide6

16
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(PA6), have appeared at the forefront of research due to their increased barrier properties and higher
resistance to blistering [18, 19]. Figure 5.2 shows an example of a polyamide liner.

Figure 5.2: Polyamide6 Type IV liner [20].

Finally, the choice of wall material is vital in the design of Type IV pressure vessels. The main goal of
Type IV pressure vessel research is to increase the gravimetric and volumetric efficiency of hydrogen
storage systems. As such, high-strength low-density materials are the main candidates. Furthermore,
the materials must be able to handle high-temperature variations [21]. When looking at composite
materials it is important to distinguish between matrix and reinforcement. In the case of filament wound
pressure vessels, continuous fibers are used as reinforcement, often in the form of prepreg bands [22]
These are then wound around a mandrel before curing in an autoclave. In general, carbon, glass, and
Aramid fibers are the most promising reinforcement materials due to their high tensile strength [21].
These materials are often costly but provide a massive increase in gravimetric efficiency.

The matrix material can be a thermoplastic or thermoset, its function is to support the reinforcement
material by introducing loads within the fiber. Furthermore, it provides environmental protection and
impact resistance to the reinforcement. In Type IV pressure vessels a high yield strength coupled with
high temperature resistance is desirable. There are many candidates including Epoxy, Polyetherether-
ketone, PA6, and polypropylenes.

Now that the main material candidates for each component of the Type IV pressure vessel have been
identified, the material choice can be selected. However, the material design and philosophy must first
be discussed due to their impact on the final material choice. This will be covered in the next section.

5.2. Material design
When selecting a material for the pressure vessel design several factors, such as the manufacturing
process, drive the selection. The modeling method also plays a critical role in the material choice.
These factors will be discussed in the following subsections.

5.2.1. Material philosophy & modelling
Typically, standard Type IV pressure vessels are manufactured using filament winding. This is due to
the relative speed and ease of the process [12]. Manufacturing Type IV pressure vessels require a
polymer liner, which acts as a mandrel, onto which the fibers are spun. The liner is usually roto- or
blow-molded with the boss inserts added during the manufacturing process [23]. The prepreg fibers
are then wound in helical and hoop directions around the liner before being cured in an autoclave. The
helical layers must not slip during manufacturing, especially on the dome sections. This requires the
addition of friction or specific winding patterns to avoid slippage [24]. A typical winding pattern that does



5.2. Material design 18

not require added friction is a geodesic winding [12]. For the design, a geodesic dome and winding
pattern have been chosen in Chapter 6.

Another key factor in the material design is the analysis method. Here the design will be verified using
FEM software HyperWorks, which uses a ply-based modeling method that simulates the composite
material at the ply level. As such, each ply is represented by a material and stacked up into a laminate.
The material type is orthotopic with material properties in fiber-dominant and transverse directions.

Several other factors drive the material choice and design such as heat resistance, environmental
resistance, cost, and sustainability. However, these factors don’t have an immediate impact on the
material design and philosophy but act as choice criteria when selecting the material. By considering
these factors during material selection an appropriate choice of material can be made.

5.2.2. Material choices & properties
Now that the different material candidates and the design philosophy have been identified, a choice of
material can be made for each component. For the preliminary design of the pressure vessel, several
material properties are of interest. These differ for each component.

First, the boss material can be chosen. As previously mentioned aluminum alloys show the most
promise due to their high strength-to-weight ratio andmachinability at a low cost. As such an aerospace-
grade aluminum alloy has been chosen as the boss material. The properties of interest for the boss
are summarized in Table 5.1. The mechanical properties such as tensile strength, elastic modulus, and
shear strength are necessary for the structural analysis. Meanwhile, the thermal properties such as
Coefficient of Thermal Expansion (CTE) and Specific Heat Capacity (SHC) are required for the thermal
and environmental analysis.

Table 5.1: Boss material properties - AL2024 [25]

Material property Value Unit
Tensile strength 324 MPa
Elastic modulus 73.1 GPa
Shear strength 283 MPa
Shear modulus 28 GPa

CTE 23.2 µmm−1C°−1

SHC 0.875 Jg−1C°−1

Thermal conductivity 121 Wm−1K−1

Density 2780 kgm−3

Secondly, the liner material has been chosen to be PA6, this is mainly due to its higher tensile strength
and barrier properties compared to HDPE which also comes at an increased cost. Overall the weight of
a PA6 liner is similar to an HDPE liner, this is because PA6 liners are thinner than HDPE liners despite
a higher material density. For the liner material, the strain at failure is an important material property to
prevent liner collapse and blistering [17]. Furthermore, thermal and mechanical properties are of key
interest for structural analysis. The material properties of interest are summarized in Table 5.2. Note
that the material degradation temperature is of key interest for the thermal analysis. Furthermore, PA6
liners can be reinforced with glass fibers and material properties depend on the manufacturing process.
Here an unreinforced cast PA6 liner is assumed.
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Table 5.2: Liner material properties - Cast Polyamide6 [26]

Material property Value Unit
Tensile strength 66.5 MPa
Elastic modulus 2.4 GPa
Shear strength 62 MPa

Elongation at yield 10 %
CTE 120 µmm−1C°−1

SHC 1.3 Jg−1C°−1

Thermal conductivity 0.32 Wm−1K−1

Maximum service temperature 120 C°
Density 1150 kgm−3

Finally, the choice of wall material has been chosen to be a combination of high-strength carbon fiber
with an epoxy matrix. This is mainly due to the very high mechanical properties at a low weight. Fur-
thermore, the epoxy reinforcement provides good temperature and environmental resistance with rela-
tively low-temperature dependence on mechanical properties. Furthermore, a commercially available
prepregged unidirectional lamina has been chosen to simulate a behavior close to reality. To follow
the material design philosophy and modeling method, orthotopic material properties are of interest and
these have been summarized in Table 5.3. Finally, the material thermal properties are necessary for
the thermal analysis. The material Poisson ratio and thermal properties have been assumed from the
literature. The material manufactured by Toray is suitable for filament winding [27]. The properties are
taken at room temperature ambient.

Table 5.3: Wall material properties - P173EBN-19 (T11100G UD) [27]

Material property Axial value Transverse value Unit
Tensile strength 3941 67.6 MPa
Elastic modulus 175 9.17 GPa

Compressive strength 2048 258 MPa
In-plane shear strength 107 MPa
In-plane shear modulus 5.37 GPa

Fiber volume 56.8 %
Ply thickness 0.183 mm

CTE 21.3 µmm−1C°−1

SHC 1.2 Jg−1C°−1

Thermal conductivity 78.8 Wm−1K−1

Maximum service temperature 127 C°
Density 1573 kgm−3

Now that the material selection is done, the stacking sequence can be chosen. This will conclude the
material selection chapter and will be covered in the next subsection.

5.2.3. Stacking sequence
The final step of the material selection process is to define the laminate stacking sequence, this is re-
quired to model the material in a ply-based FEM software. As mentioned in Section 4.4, the composite
material will be made up of helical and hoop plies in the cylindrical section and only helical plies in
the domes. The goal of the stacking sequence is to have a balanced and symmetrical laminate. A
balanced laminate is one where there is an equal number of positive and negative α plies. This results
in a laminate without stretching and shear coupling which reduces the material stress. A symmetrical
laminate is symmetric about its midplane. This cancels out many of the diagonal elements of the stiff-
ness matrix which are responsible for bend, twist, shear extension... This results in a simpler laminate
which significantly lowers distortion [28].

Another important consideration is the order of plies between hoop and helical layers. In this case, the



5.2. Material design 20

hoop layers are chosen to surround the helical layers. This provides a strengthening effect and yields
a stronger laminate [29]. This is impossible in the domes where the plies are only helical.

In order to ensure that the laminate is symmetric and balanced, additional plies will be provided on top
of the number of required plies obtained in Section 4.4. Note that the stacking sequence will not be
provided as it contains over 100 plies. However, an example of a symmetric balanced laminate can be
seen below.

Cylinder stacking : [90/ + α/− α/90]s (5.1)
Dome stacking: : [+α/− α]s (5.2)

Using the selected materials and the following stack-up sequence, the vessel preliminary design can
be completed. To do this, the dome must first be designed. This will be covered in the next chapter.



6. Pressure vessel dome
The dome design is one of the most important aspects of Type IV pressure vessel design. It is a broad
area of research with many active researchers looking to advance this field even further. The dome
design is complex as it is driven by manufacturing capabilities and has a significant impact on the stress
state of the pressure vessel [30].

In Section 4.3, the dome was assumed to be hemispherical with a constant thickness. This was done
to achieve a reasonable sizing and mass estimation at an early stage. However, spherical domes are
structurally and volumetrically inefficient which leads to a reduction in gravimetric capacity [31]. As
such more efficient dome designs have been proposed, mainly geodesic and non-geodesic domes.
Geodesic windings require no additional friction during manufacturing and follow the Clairaut trajecto-
ries (See Section 4.4).

Overall geodesic domes are more efficient than hemispherical domes as they are shorter than hemi-
spherical domes which results in a shorter tank for a constant hydrogen mass and tank radius. An
added benefit of geodesic winding is that no additional friction is required during manufacturing, unlike
non-geodesic domes. As such, a geodesic winding has been chosen for the pressure vessel. The
winding path and dome model will be discussed in the next section.

6.1. Geodesic path algorithm
As previously mentioned, geodesic winding patterns follow the Clairaut trajectories (See Equation 6.1)
this means that the polar radius determines the winding angle in the cylindrical section. This is because
the roving bands must be tangent to the polar hole. Netting analysis indicates that a 54.7 [deg] winding
angle is ideal. However, this leads to a large boss radius which is undesirable [6]. As such the winding
angle is usually reduced to achieve a smaller opening, even smaller boss radii can be achieved with
non-geodesic winding patterns. A lower winding angle means that more hoop layers are required in
the cylindrical section.

α (R) = arcsin
(
R0

R

)
(6.1)

The dome shape, thickness, and contour are driven by the geodesic winding pattern, which can be
computed via numerical integration. This is done step by step, starting at the dome cylinder junction
and progressing until the polar opening. An overview of the geodesic dome profile and its corresponding
notation can be found in Figure 6.1 [7]
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Figure 6.1: Dome profile breakdown

The dome path algorithm starts at the dome-cylinder junction. Either the winding angle in the cylindrical
junction or the polar radius must be assumed. In this case, the polar radius is chosen and can be varied.
The initial conditions can be found in Equation 6.2 and 6.3.

Ψ = 0 x = 0 r = Rcyl (6.2)

t0 = tα α = arcsin
(

R0

Rcyl

)
(6.3)

Where Ψ is the azimuth angle at which rm is taken, x is the distance from the cylinder junction, r is the
local radius, t0 is the thickness at the cylinder junction and R0 is the polar opening radius.

For the dome to be in equilibrium Equation 6.4 must be true:

Nϕ =
PR

2 cosΨ
Nϕ

rm
+

Nθ

r
cosΨ = P (6.4)

Where rm is the radius of curvature of the meridian.

Using Equation 6.4 the radius of curvature of the meridian can be obtained for a given winding angle
and azimuth angle. This results in the following equation:

rm =
r

cosΨ
(
2− tan2 α

) (6.5)

To determine the dome profile, a constant value of ∆Ψ must be set by which Ψ is incremented at every
step, from there the increment for r and x can be computed according to Equation 6.6. The dome
profile can be obtained by summating all the increments as shown in Equation 6.7.

∆Ψ = constant ∆r = rm∆Ψ cosΨ ∆x = rm∆Ψ sinΨ (6.6)

Ψ =
∑

∆Ψ r = Rcyl −
∑

∆r x =
∑

∆x (6.7)

Finally, the winding angle can be computed according to Equation 6.1. T his combined with the local
radius can be used to compute the local dome thickness according to Equation 6.8.
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t =
Rcyl

r

cosα0

cosα
(6.8)

Other methods can be used to generate the dome profile. These tend to be more complex and provide
more accurate results, especially in the vicinity of the polar radius. However, the accuracy of the
proposed method is sufficient for preliminary design. Next, an overview of the dome contour and profile
will be provided.

6.2. Dome analysis
The aforementioned method can be used to generate several dome contours for a given cylinder radius
as long as the winding angle or polar radius is assumed. Typically the winding angle is chosen to be
between 15 and 25 [deg] to have a relatively small polar radius. It is worth noting that there is an
asymptote in Equation 6.5 when α ≈ 54.7 [deg], this occurs when r = 1.22R0. At that point, the
curvature has an inflection point and the method is not valid. A tangent or ellipse approximation must
be done to continue the curvature. To account for this, a polar insert of radius r > 1.22R0 will be added
so the dome thickness will not tend to infinity. More complex computational methods could be used
such as Wang’s cubic interpolation method for greater accuracy near the polar opening. However, this
is out of the scope of the research project [32]. An example of a dome contour generated using this
method can be found in Figure 6.2.

Figure 6.2: Example of dome contour and corresponding profiles

As can be seen in Figure 6.2, the thickness varies along the length and goes to infinity near the polar
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opening. This is inaccurate therefore the average thickness of the dome is taken in the mass and
volume estimates. For the structural analysis, the dome will be sectioned into multiple rings where the
average winding angle and thickness will be taken for increased accuracy.

Note that the dome is simplified as an ellipse, by finding the closest ellipse via the least square re-
gression method. This is done so the dome can be modeled in 3D CAD software. Furthermore, by
subtracting the liner thickness or adding the average dome thickness to the ellipse approximation, the
inner and outer surfaces of the pressure vessel can be modeled (See Figure 6.3). By doing an integral
revolution about the X-axis, the hydrogen, liner, and wall volume can be computed accurately. This
can then be used to refine the first level estimates of Section 4.3 where the dome is assumed to be
hemispherical. With the new dome length and dome hydrogen volume, the cylinder length can be ad-
justed such that the required hydrogen volume stays constant. This in turn can be used to compute the
actual L/D ratio. Once the tank dimensions have been recalculated with the actual dome dimensions
the preliminary sizing is completed.

Figure 6.3: Plot of dome contour with each component.



7. Conventional pressure vessel design
overview

At this stage, the preliminary design of the pressure vessel is finished. The need and technical require-
ments have been used to generate a set of performance criteria which were used as inputs during
the preliminary sizing. The preliminary sizing assumes that the pressure vessel is composed of hemi-
spherical domes with a cylindrical section. Later in Chapter 6, this assumption is revised and a geodesic
dome is built using the geodesic path algorithm. A render of the preliminary design can be found in
Figure 7.1. As discussed in Chapter 2, the preliminary design is a conventional pill-shaped Type IV
pressure vessel made up of carbon-epoxy with a PA6 liner and aluminum bosses.

Figure 7.1: Render of preliminary single tank design inside Varuna EVTOL

7.1. Design parameters & assumptions
As shown in Figure 7.1 the standard tank fits within the intended section of the EVTOL, and there is
sufficient clearance between the bounding box and the pressure vessel. Figure 7.2 and 7.3 provide an
isometric render and a side view of the preliminary design.

Figure 7.2: Isometric render of the preliminary single
tank design

Figure 7.3: Side view of the preliminary single tank
design

At this stage of the design process, it is important to note that requirement SHR-EXP-07 has been
revised. The required 1 hour of endurance has been reduced to 30 minutes, after a discussion with
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Expleo Group. The reason for this reduction in endurance can be seen in Figure 7.4. The volume of
hydrogen required for 1 hour of endurance is too large to fit within the tail section of the EVTOL, this is
true for any L/D ratio, the single tank configuration is too long and large. Therefore, to make the design
feasible, the endurance requirement has been reduced by 50 [%], which is acceptable for Expleo Group
as the hydrogen version of the EVTOL will be able to refuel much faster than its electric counterpart.
Note that this will double the number of life cycles and impact the fatigue characteristics of the pressure
vessel. From this point forward the design will be sized for 30 minutes of flight time before refueling.

Figure 7.4: Render of initial single tank design inside Varuna EVTOL

The various model assumptions used throughout the preliminary sizing will now be broken down. The
first assumption that was used is that the hydrogen mass flow in and out of the tank is constant. In
reality, the mass flow will decrease as the pressure inside the tank decreases. It is necessary to keep
sufficient pressure and mass flow out of the tank even when the hydrogen mass is low. This will be
achieved using a pressure regulator.

Another key assumption is that the hydrogen temperature stays constant at 20 [°C]. This is done to
simplify the mass and hydrogen volume sizing. In reality, the hydrogen temperature will increase dur-
ing filling, leading to an overpressurization after filling. This overpressurization will be discussed in
Section 8.1.

Furthermore, using netting analysis during the preliminary structural sizing means that the fibers are
assumed to take up all the loads. In reality, the stresses are also taken up by the matrix material. This
assumption is conservative and yields accurate results for initial sizing [6]

For the pressure vessel dimensioning and mass estimates the domes are assumed to have a constant
thickness. In reality, the thickness varies and increases in the vicinity of the polar opening due to the
winding pattern. The average dome thickness is taken during sizing. This is a conservative estimate
since the dome thickness is mostly constant and lower than the average (See Figure 7.5). Furthermore,
the geodesic algorithm leads to an asymptote near the polar opening which is not accurate compared
to reality.
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Figure 7.5: Dome thickness as a function of axial distance from cylinder junction

Another assumption is made during dimensioning. The domes are assumed to be perfect hemispheres
to compute the required tank diameter and length. This assumption does not have a significant impact
on the design since the dome is then designed using geodesic winding. This assumption is necessary
to compute the radius which is an input for the geodesic winding algorithm. The tank dimensions are
then updated using the result of the geodesic analysis.

Moreover, the pressure vessel length to diameter is assumed to be 2.5. The impact of shape on tank
mass and volume will be discussed in Section 9.2.1. The L/D ratio of 2.5 is a reasonable estimate
compared to the dimension of the tail section, furthermore in the composite pressure vessel industry
L/D ratio is usually between 1.5 and 5 [4]. Using all these assumptions, the preliminary design of the
single tank configuration can now be generated.

The hydrogen mass and volume parameter can be found on Table 7.1. The vehicle power, endurance,
and storage parameters are the main inputs to compute the hydrogen volume (See Chapter 4).
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Table 7.1: Overview of hydrogen mass and volume parameters including relevant inputs

Property Value Unit
Inputs

Average power 1 MW
Flight time 30 min

EOL efficiency 0.45 -
”Empty” pressure 2 MPa
Nominal pressure 70 MPa

Storage temperature 293.15 K
Outputs

Total hydrogen mass 34.77 kg
Usable hydrogen mass 33.34 kg
Required tank volume 870.7 L

The first estimate of tank radius can be obtained using the hydrogen mass and volume. This is done by
using the assumed L/D ratio and required tank volume. Here is where the hemispherical assumption is
used. The structural sizing can be performed by taking the required tank radius and assuming a polar
radius. The results of the structural sizing and its inputs can be found in Table 7.2.

Table 7.2: Overview of structural parameters including relevant inputs

Property Value Unit
Inputs

Tank inner radius 400 mm
Liner thickness 5 mm

Polar opening radius 150 mm
Safety factor 2.25 -

Ultimate tensile strength 3941 MPa
Ply thickness 0.183 mm

Nominal pressure 70 MPa
Outputs

Winding angle 17.67 deg
Required helical thickness 8.91 mm
Required hoop thickness 15.36 mm
Number helical layers 49 -
Number hoop layers 84 -

Actual cylinder thickness 24.34 mm
Thin-walled ratio 16.7 -

The geodesic dome can be sized by using the data obtained from the preliminary structural sizing.
The outputs of the geodesic path algorithm can then be used to update the dome dimensions and
conclude the preliminary sizing. The tank dimensions are used to compute the mass and volume of
each component which will be done in the next section. An overview of the main tank dimensions
can be found in Table 7.3. The difference between the input and actual L/D ratio is caused by the
hemispherical assumption, the tank length is reduced by using geodesic domes.
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Table 7.3: Overview of geometric parameters including relevant inputs

Property Value Unit
Inputs

Tank (input) LD ratio 2.5 -
Outputs

Total tank length 1861 mm
Dome length 249 mm
Dome volume 91.1 L
Inner radius 399.92 mm
Liner radius 404.92 mm

Cylinder radius 429.25 mm
Actual LD ratio 2.33 -

7.2. Mass and volume breakdown
With the preliminary sizing completed and the tank dimensions known, some first-level estimates of
system volume and mass can be obtained. By assuming that the dome thickness is constant and
taking the densities of the laminate and Polyamide6, the volume and mass of each component can be
computed.

The pressure vessel is divided into 5 main components: wall, liner, hydrogen, aluminum bosses, and
balance-of-plant (BOP) components. The BOP components are the necessary equipment for hydrogen
control and delivery, the design of the BOP falls outside the scope of the research project. However, to
provide accurate system mass and volume estimates an average mass and volume fraction of the BOP
components was taken from literature [4]. An overview of the system mass and volume parameters
can be found in Table 7.4.

Table 7.4: Overview of mass parameters including relevant inputs

Property Value Unit
Inputs

Wall material density 1573 kgm3

Liner material density 1100 kgm3

BOP mass fraction 0.17 -
BOP volume fraction 0.03 -

Outputs
Total system mass 275.5 kg
Hydrogen mass 34.8 kg

Wall mass 166.9 kg
Liner mass 23.6 kg

Bosses mass 3.4 kg
BOP mass 46.8 kg

Total system volume 249 L
Hydrogen volume 870.7 L

Wall volume 106.1 L
Liner volume 24.7 L

Bosses volume 1.2 L
BOP volume 31.0 L

By computing the various component masses and volumes, the overall system can be broken down
and its efficiency measured. In general Type IV pressure vessel efficiencies are measured in terms
of gravimetric and volumetric efficiency. The gravimetric efficiency indicates the mass of stored hydro-
gen over the total system mass. Similarly, the volumetric efficiency indicates the mass of hydrogen
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stored over the total system volume. An additional efficiency, defined as fill efficiency representing
the volume of hydrogen over the available storage volume, is considered during this research project.
An overview of the performance and efficiency parameters as well as target values will be provided in
Section 10.1.1. Figure 7.6 and 7.7 provide the system mass and volume breakdown including the total
system efficiencies. An overview of the efficiencies for the standard design can be found in Table 7.5

Figure 7.6: Preliminary single tank design mass breakdown

Figure 7.7: Preliminary single tank design volume breakdown
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Table 7.5: Overview of system efficiencies for the standard pressure vessel design

Efficiency Value Unit
Gravimetric 12.1 [%]
Volumetric 32.3 [g-H2L−1]

Fill 24.7 [%]

This concludes the preliminary design of the single tank configuration. This design will now be used as
a baseline to verify and validate the preliminary sizing model. The design will be verified with a thermal
and structural analysis. This will be the topic of the next chapter.



8. Design verification & validation
Now that the preliminary design of the single tank configuration has been completed the design must
be verified. First, the hydrogen mass and volume state modeling will be compared to other models
from the literature. This is necessary to ensure that the pressure profile and required volume estimates
are accurate.

Furthermore, a thermal model will be developed to ensure that the current design stays within the
appropriate temperature range as specified within the system requirements. The thermal model will be
verified with available literature data, then it will be applied to the current design to simulate the actual
temperature and pressure profile.

Finally, a FEM model will be developed to verify the preliminary structural sizing using netting analysis.
This will give an estimate of the burst pressure and verify the applied safety factor.

8.1. Hydrogen mass & behaviour
The first verification step is to check that the equation of state used during the preliminary sizing provides
an accurate estimate of the required hydrogen mass and tank volume. This will be done by comparing
the design method to other methods available in the literature.

8.1.1. Compressed hydrogen equations of state
The equation of state used to simulate the hydrogen pressure and volume can be found in Section 4.2.
This method uses a linear compressibility factor which depends on pressure, temperature, and a fitting
coefficient. According to the literature, the method yields a maximum error of 3.8 [%] as long as the
hydrogen temperature stays within 173 < TH2 < 393 [K].

Several other models can be used to simulate the hydrogen pressure and volume. The first model is
the ideal gas law (See Equation 8.1), valid at low pressures and high temperatures. The hydrogen
inside the pressure vessel is at low temperature and high pressure hence the ideal gas law should
underestimate the actual pressure [9].

PVt = nRgTH2 (8.1)

Where n is the number of hydrogen moles.

Another method that can be used to simulate hydrogen pressure and temperature is the real gas law,
also known as the van der Waals equation of state. This method uses two constants to account for the
attractive force between molecules and the effective volume occupied by a molecule. This equation
should be valid for all gases at any temperature and pressure. In reality, the van der Waals equation
tends to overestimate the pressure at high pressure compared to experimental data [33]. Equation 8.2
shows the van der Waals equation for hydrogen gas.

(
P +

an2

V 2
t

)
(Vt − nb) = nRgTH2 a = 0.0254 b = 0.0002651 (8.2)

Where a and b are the van der Waals constants for hydrogen.

Finally, another method can be used to model hydrogen pressure and volume. This method is a trun-
cated virial-type equation that uses 30 constants to model hydrogen gas [34], fitted on experimental
data from the National Institute of Standards and Technology (NIST). This method is accurate within
0.01 [%] for pressures up to 70 [MPa] and temperatures between 220 to 1000 [K]. This method is similar
to the design method since it computes a corrective compressibility factor which is then applied to the
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ideal gas law. The equation for the compressibility factor and corrected ideal gas law can be found in
Equation 8.3. The corresponding constants can be found in [34].

PVt = ZvnRgTH2 Z (p, T ) = 1 +

9∑
i=1

ai ·
(
100 K
T

)bi

·
(

P

1 MPa

)ci

(8.3)

Where Zv is the virial type compressibility factor, ai, bi and ci are fitting coefficients.

Now that the available methods have been identified these will be compared to the design method from
Section 4.2. This will be the subject of the next subsection.

8.1.2. Hydrogen state model comparison
To verify that the design method provides an accurate estimate of the hydrogen volume and pressure,
each method will be modeled using a Python script and will be plotted on the same graph. Note that at
this stage the hydrogen temperature is still assumed to be constant throughout filling. The hydrogen
temperature profile will be modeled in Section 8.2. Figure 8.1 shows the pressure as a function of
hydrogen mass inside the tank for each model.

Figure 8.1: Hydrogen pressure as a function of mass inside the tank using different equations of state for hydrogen gas

From the figure above, it is clear that the ideal gas law is an inaccurate model for hydrogen pressure
and volume. The pressure profile is similar to the other methods at low pressures however at higher
pressures it severely underestimates the hydrogen pressure. Similarly, the van der Waals equation is
also inaccurate whenmodeling hydrogen gas pressure; it holds until 30 [MPa] and tends to overestimate
the hydrogen pressure at higher pressures. The error is larger than 25 [%] at 70 [MPa] and cannot
be used to model hydrogen pressure. Finally, it is known that the truncated virial type equation is
highly accurate with 0.01 [%] error for a large pressure and temperature range. When comparing the
virial method to the design method which uses a simplified equation for computing the compressibility
factor, it is clear that the design method leads to a slight overestimation of the hydrogen pressure. The
difference in final pressure is less than 10 [%]. When using the design method, the hydrogen pressure
is slightly higher than what is expected experimentally.
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Overall, the designmethod tends to overestimate the hydrogen pressure at room temperature, meaning
that the pressure estimate is slightly conservative. This is deemed acceptable since in reality the
pressure inside the tank will be less than the design pressure. This means that the tank size can be
reduced during detailed design which is desirable. Alternatively, this will yield a higher safety factor.
Now that the hydrogen mass and pressure model has been verified, a thermal model of the tank will
be developed. This will be the subject of the following section.

8.2. Pressure vessel thermal modeling
So far the hydrogen temperature has been assumed to be constant throughout filling and emptying, in
reality, the hydrogen temperature will increase as the hydrogen is compressed while the temperature
will decrease as the gas expands. To verify that the pressure vessel stays within the allowable temper-
ature range specified in the requirements a thermal model must be developed. Here an adiabatic dual
zone model has been chosen to model the temperature rise within the pressure vessel.

8.2.1. Hydrogen pressure vessel heat model
Modeling the temperature rise of hydrogen during refueling, dormancy, and emptying is of vital impor-
tance in the context of vehicular hydrogen storage. One of the key hurdles in the widespread commer-
cialization of compressed hydrogen systems is safety. Overpressurization due to temperature increase
during filling must be modeled accurately to prevent catastrophic failure.

As such a key area of research in compressed hydrogen technologies is the development and verifi-
cation of accurate thermal models which can be used to model the pressure vessel wall and hydrogen
temperature throughout operations. Several thermodynamic models exist with varying degrees of com-
plexity. Typically pressure vessel thermal models are divided into thermal zones. The most basic model
is a single-zone model which only considers the hydrogen temperature. These models offer accurate
results for the hydrogen temperature variations but do not provide any information on the liner or wall
temperature. More complex models such as dual-zone and triple-zone models also take into account
the liner, wall temperature, and environmental interactions.

For the research project, a dual-zone model has been chosen. This model has been verified in the
literature and compared with Computational Fluid Dynamics (CFD) and experimental data [35, 36]. It
applies to Type III and IV pressure vessels and provides accurate estimates for hydrogen and wall
temperature [35]. The dual-zone model aims to represent the hydrogen and wall temperature but
neglects the contribution of the liner [35]. As such, the liner is considered part of the wall zone and its
temperature is equal to the wall temperature.

Furthermore, themodel is adiabatic and considers no heat transfer to the environment. This assumption
holds as long as the filling and emptying of the vessel is over a short period and the specific heat capacity
of the wall is high. The model breaks down the pressure vessel operation into three distinct phases:
filling, dormancy, and emptying. Another key assumption is that the mass flow is constant throughout
each phase. Themodel can be used to accurately predict hydrogen and wall temperature. Furthermore,
the hydrogen temperature profile can then be used to accurately predict hydrogen pressure inside the
tank.

The mass and energy balance equations model the hydrogen temperature, meanwhile, the wall tem-
perature is modeled using the heat balance equation. The governing equations can be found in Equa-
tion 8.4, 8.5 and 8.6.

dm

dt
= ṁin − ˙mout (8.4)

d (mu)

dt
= ṁinhin − ˙mouthout +Ainain (Tw − T ) (8.5)

d (mwcwTw)

dt
= Ainain (T − Tw)−Aoutaout (Tw − Tf ) (8.6)

Where m is the hydrogen mass, ṁ is the mass flow, u is the specific internal energy of the gas, h is the
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specific enthalpy of the gas, A is the surface area, a is the heat transfer coefficient, T is the hydrogen
temperature Tw is the wall temperature, Tf is the ambient temperature, mw is the wall temperature and
cw is the specific heat capacity of the wall.

Pressure vessel filling phase
The first phase of the thermal modeling is the filling process, this phase assumes a constant hydro-
gen inflow temperature. The hydrogen is provided by a large reservoir, so the input temperature and
pressure should stay relatively constant. With the assumption that the hydrogen mass flow is constant
during filling and the heat transfer to the environment is negligible, the governing equations become:

dm

dt
= ṁ (8.7)

d (mu)

dt
= ṁh+Ainain (Tw − T ) (8.8)

d (mwcwTw)

dt
= Ainain (T − Tw) (8.9)

The hydrogen temperature as a function of time can be obtained by using the following simplifications
and substitutions inside Equation 8.5.

m = m0 + ṁt u = cvT h = cpT∞ t∗ =
m0

ṁ
γ =

cp
cv

(8.10)

γ′ =
γ

1 + α
α′ =

α

1 + α
α =

ainAin

cvṁ
T ∗ = γ′T∞ + α′Tw t∗w =

mwcw
ainAin

(8.11)

Where cv and cp are the specific heat capacities of hydrogen at constant volume and pressure respec-
tively and T∞ is the hydrogen in/outflow temperature.

This results in an equation for hydrogen temperature as a function of time and wall temperature (See
Equation 8.12)

dT

dt
= (1 + α)

T ∗ − T

t∗ + t
(8.12)

A similar approach is taken to obtain the wall temperature as a function of time and hydrogen temper-
ature. Equation 8.6 can be simplified to Equation 8.13.

dTw

dt
=

T − Tw

t∗w
(8.13)

Equation 8.12 and 8.13 are coupled differential equations, they can be solved numerically or analytically.
To solve Equation 8.12 analytically, it must be integrated with the assumption that the wall temperature
is constant. A similar approach can be taken for Equation 8.13, this time assuming that the hydrogen
temperature is constant. This yields the following analytical solutions.

T = fgT0 + (1− fg)T
∗ fg =

(m0

m

)1+α

(8.14)

Tw = fwTw0 + (1− fw)T fw = e
− t

t∗w (8.15)

Where T0 is the initial temperature inside the tank and Tw0 is the initial wall temperature. Note that
these two equations are coupled by T∗ and must be decoupled to obtain a solution in terms of initial
parameters

Equation 8.14 and 8.15 can be used to solve the hydrogen temperature analytically during refueling
under the dual-zone adiabatic constant inflow assumptions. Next, the hydrogen and wall temperature
during emptying will be derived.
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Pressure vessel emptying phase
During the emptying phase, another assumption is made; instead of assuming the outflow temperature
to be constant, it is assumed to be equal to the hydrogen temperature inside the tank. This accurately
represents the emptying phase. All other assumptions stay unchanged. The derivation is similar to
the previous case with slight changes. The hydrogen and wall temperatures can be modeled using
Equation 8.17.

T ∗ =
αTw

1 + α− γ
T∞ = T (8.16)

dT

dt
= (1 + α− γ)

T ∗ − T

t∗ + t

dTw

dt
=

T − Tw

t∗w
(8.17)

Similarly, coupled analytical solutions can be obtained via integration (See Equation 8.18 and 8.19).

T = fgT0 + (1− fg)T
∗ fg =

(m0

m

)1+α−γ

(8.18)

Tw = fwTw0 + (1− fw)T fw = e
− t

t∗w (8.19)

Pressure vessel dormancy phase
The final phase of the thermal model is the period of dormancy. Here, the hydrogenmass stays constant
and the governing equations can be seen in Equation 8.20.

d (mu)

dt
= Ainain (Tw − T )

d (mwcwTw)

dt
= Ainain (T − Tw) (8.20)

The relationship between hydrogen and wall temperature can be obtained by dividing the equations by
each other. This equation can then be integrated with the given initial conditions (T = T0 and Tw = Tw0

at t = 0) to obtain the following relation (See Equation 8.21).

mcv
mwcw

dT

dTw
= −1 k =

mwcw
mcv

T = T0 + k (Tw0 − Tw) (8.21)

An equation for wall temperature as a function of time can be obtained by substituting the relation
between hydrogen and wall temperature into the governing equations and then integrating with the
aforementioned initial conditions (See Equation 8.22).

Tw =

(
Tw0 +

B

A

)
eAt − B

A
(8.22)

Finally, Equation 8.22 can be substituted into Equation 8.21 to obtain the hydrogen temperature as a
function of time and wall temperature. This is shown in Equation 8.23.

T = T0 + k

(
Tw0 −

(
Tw0 +

B

A

)
eAt − B

A

)
(8.23)

Now that the governing equations for hydrogen and wall temperatures during each operational phase
have been derived, the model can be used to simulate the hydrogen temperature inside any pressure
vessel. This can be done both analytically and numerically. First, the model must be verified using data
available from the literature to ensure its accuracy.
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8.2.2. Heat model verification using literature
Before it can be used to determine the temperature profile of the preliminary design, the thermal model
must first be verified. This can be done by using data available from the literature and comparing the
model results. To do this, a similar tank configuration to the one in [35] has been chosen and used as
input in the Python model. The hydrogen and wall temperature rises can then be plotted and compared.
The model and literature results for hydrogen temperature can be found in Figure 8.3 and 8.2. Similarly
Figure 8.5 and 8.4 show the results for wall temperature.

Figure 8.2: Hydrogen temperature profile literature test case

Figure 8.3: Hydrogen temperature profile model test case
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Figure 8.4: Wall temperature profile literature test case

Figure 8.5: Wall temperature profile model test case

The model data is simulated for 8000 [s] with each phase lasting 2000 [s]. The first phase starts with
pressure vessel filling, followed by a period of dormancy. Thereafter, the pressure vessel is emptied
before another final dormancy period occurs. There is a discrepancy between numerical and analytical
solutions which is caused by the assumption taken during integration. The numerical solution is more
accurate.

The model data follows the data from the literature to a high degree of accuracy. This can be observed
both in terms of magnitude and behavior. The temperature rise profile is similar and themodel is verified.
The next step is to apply this model to the design tank to observe the temperature profiles of both the
wall and the hydrogen. This will be covered in the next subsection.
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8.2.3. Thermal modelling results & discussion
To simulate the thermal behavior of the design vessel, its thermodynamic parameters must first be
obtained. The hydrogen-related parameters such as specific heat capacity do not change. It is impor-
tant to note that the vehicle operational parameters such as filling time and dormancy time must be
assumed. After discussing with the EVTOL design team, a flight profile has been drafted. This flight
profile is based on the standard EVTOL operational profile with a shorter refueling time. However, a
dormancy period has been added, to settle the hydrogen temperature inside the vessel. An overview
of the flight characteristics and thermodynamic parameters of the system can be found in Table 8.1.

Table 8.1: Thermal model parameters for single tank configuration

Property Value Unit
Refuel time 15 min

Dormancy time 10 min
Flight time 30 min
Wall mass 223.2 kg
Wall SHC 1.2 kg

Hydrogen inflow temperature 0 C°
Ambient temperature 20 C°

Initial pressure 2 MPa

At this stage, some assumptions and simplifications must be made. First, the initial hydrogen and wall
temperatures are assumed to be equal to the ambient temperature. The wall mass is a combination
of the wall mass and liner mass, to account for the contribution of the liner as a heat sink. Finally, the
heat transfer coefficient is assumed to be constant throughout operations. In reality, the heat transfer
coefficient varies throughout operations. The estimation of the heat transfer coefficient is a complex
process that depends on the gas Reynolds number, hydrogen inlet velocity, andmanymore parameters.
Several methods exist to compute the heat transfer coefficient however, this falls out of the scope of
the research project [37, 38]. The heat transfer coefficient has been obtained from literature [39].

Several parameters can be changed to impact the temperature rise of the hydrogen and wall. These are
mainly the refueling time, the discharge time, the hydrogen inflow temperature, and the initial pressure.
If the design vessel does not meet the system requirements, these parameters can be changed to
reduce the maximum and minimum operational temperature. Increasing the refueling time reduces the
maximum temperature during filling. Similarly, increasing the discharge time leads to a higher minimum
temperature during emptying. Reducing the hydrogen inflow temperature leads to an overall lower
temperature profile with a lower maximum and minimum temperature. Finally, increasing the initial
pressure leads to a lower maximum temperature. An overview of the hydrogen and wall temperature
profile including mass and pressure over time can be found in Figure 8.6.
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Figure 8.6: Single tank design thermal analysis results

From the figure above, it is clear that the temperature variations within the pressure vessel are signifi-
cant, especially during filling and emptying. The hydrogen temperature reaches a maximum of 95 [C°]
before settling under 85 [C°] after a short dormancy period. During discharge, the hydrogen temper-
ature drops significantly to around -70 [C°] before rising back up quickly to around 10 [C°]. The filling
results seem to model reality accurately and are within the allowable after a short dormancy period. It
is necessary to pre-cool the hydrogen inflow to reduce the maximum temperature.

The discharge behavior is less accurate. This is most likely due to the adiabatic assumption which
considers no heat loss or gain with the environment. Since the hydrogen mass expands significantly,
the temperature drop is also significant. However, the leftover hydrogen mass is very small and cannot
retain much heat. This explains why the temperature quickly shoots back up when in contact with the
more massive wall. The wall temperature seems to follow the hydrogen temperature and behaves as
expected.

The mass and SHC of the wall are much higher than that of hydrogen and it can store much more heat.
This explains why the temperature variations are smaller.

Finally, the pressure inside the vessel goes beyond the nominal pressure of 70 [MPa] which is expected
since the pressure vessel was designed assuming a constant hydrogen temperature of 20 [C°]. The
pressure inside the tank increases when the temperature increases. However, the pressure does not
go over 125 [%] of the design pressure which is allowed during filling. Over time the hydrogen pressure
settles to 70 [MPa] as the temperature reaches the ambient level.

Overall, the thermal model can simulate the temperature profile of both the hydrogen and wall. It can
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be used to size any pressure vessel and is sufficiently accurate for preliminary design. The model can
be improved by accounting for environmental interactions. This way, the expansion and compression
would not be adiabatic, which should reduce the maximum temperature and increase the minimum
temperature due to heat loss and gain respectively. Furthermore, the model can be further improved
by deriving and simulating the heat transfer coefficient accurately, yielding more accurate temperature
results. Implementing a triple zone model would also yield the liner temperature which is important
when considering liner degradation. The maximum service temperature of PA6 is over 100 [C°] and
given the model results, it is not expected that the liner will degrade due to thermal interactions.

Now that the thermal analysis of the design has been performed and the thermal model verified, a
FEM model of the design can be developed to verify the structural sizing and burst pressure of the
preliminary design. This will be the subject of the next section.

8.3. Pressure vessel structural modeling
The final key verification step is to verify that netting analysis provides an accurate estimate of burst
pressure for the preliminary design. Netting analysis is a simple sizing method that assumes that
the fibers take up all the loads in the composite material. The netting analysis is based on a geodesic
winding pattern. It takes the tensile strength of the laminate with an applied safety factor to compute the
number of required layers. Netting analysis should provide a conservative estimate of burst pressure
when applied correctly. This will be verified via a FEM model in HyperWorks using the Optistruct solver.

8.3.1. Pressure vessel FEM model
HyperWorks is a finite element modeling software that integrates a wide variety of solvers to obtain
accurate modeling results. It can model composite materials and designs via the composite toolbox.
This composite toolbox aims to integrate manufacturing in the analysis via ply-based modeling which
simulates stresses at ply scale.

The analysis starts with a 2D shell model which is directly imported from the CAD modeling software
CATIA. This surface represents the liner’s outer surface onto which the fibers will be spun. A full model
of the surface will be simulated without symmetry. An overview of the model can be found in Figure 8.7.
The shell is made up of 14,000-panel elements with 14,000 nodes, the elements have a maximum size
of 20 [mm] and a maximum aspect ratio of 5. The elements are smaller near the polar opening due to
the curvature and decreased radius. The mesh is a panel mesh that keeps the number of elements
constant at the boundaries, leading to a homogeneous mesh with quadrilateral elements only.

Figure 8.7: Pressure vessel shell FEM model

A cylindrical coordinate system is applied to all nodes and elements, resulting in radial displacements
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without the need for coordinate transformation during result post-processing. The cylindrical coordinate
Z-axis is lined up with the axial direction of the pressure vessel. To create a ply-based analysis, the
element orientation and normals have to be defined. This is done using vectors that follow the vessel
curvature. An analysis of all element normals and orientations was performed to ensure consistency,
which can be seen in Figure 8.8. The element normals determine the stack-up direction while the
orientation determines the fiber orientation over the elements.

Figure 8.8: Cylindrical coordinate system and element orientation analysis

The material choice is a MAT8 element representing an orthotropic material. To fully define this ma-
terial, the transverse & axial moduli, poison ratio, shear modulus, and material density are required.
Furthermore, the tensile, compressive, and shear strengths can be input for first-ply failure analysis.

The compositematerial is applied using zonal compositemodeling, this is done by applying the PCOMPG
property to certain elements. A PCOMPG property contains information about the origin of the stack up
(Z0) and the plies in that zone. Each ply is represented by a material, a ply thickness and an orientation.
Furthermore, each ply is given a global ID, ensuring fiber continuity between neighboring zones. Zonal
composite modeling is required since the winding angle and number of layers are not constant in the
dome.

The dome must be sectioned since the winding angle has to be constant within a single zone. In this
case, the model is sectioned into 6 zones. The first zone is the cylinder which is made up of helical and
hoop layers. The domes are divided into 5 zones, each zone is 4 elements long in the axial direction.
The zones close to the polar opening are smaller due to the dome profile (See Chapter 6). Since
the winding angle and thickness rapidly increase near the polar opening, more zones are required to
describe the vicinity of the polar opening accurately.

The dome is sectioned by taking the axial location of the first and last element of a given zone. Then, the
thickness and winding angle are evaluated at each axial distance and an average value is computed.
These average values are then applied to each zone. This divides the dome into discrete zones with
different mechanical properties, as the number of zones increases the representation closely resembles
reality. An overview of the composite zones can be found in Figure 8.9.
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Figure 8.9: FEM model broken down using zonal composites.

To simplify the analysis and reduce the number of simulated plies, the number of plies is kept constant
throughout the dome. The dome thickness increases rapidly near the polar opening due to the winding
pattern. To represent this, the ”actual” ply thickness is increased. For example, in the cylindrical section,
there are 56 helical plies with a thickness of 0.183 [mm] resulting in a helical thickness of 10.25 [mm].
Meanwhile, the helical thickness of zone 3 is 14.83 [mm] with 82 plies. To convert this to a 56-ply zone,
the ply thickness is increased to 0.268 [mm] from 0.183 [mm]. This way the global ID of plies between
zones matches and there is continuity between zones. An overview of the composite property per zone
is given in Table 8.2.

Table 8.2: Overview of composite zones and their corresponding properties

Property Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Colour Red Blue Yellow Green Orange Pink

Winding angle [deg] 17.67 18.33 20.46 24.76 33.15 54.60
Helical thickness [mm] 10.25 10.65 12.00 14.83 21.00 45.26

Number of helical plies [-] 56 59 66 82 115 248
Actual helical ply thickness [mm] 0.183 0.193 0.216 0.268 0.376 0.810

Hoop thickness [mm] 15.37 0 0 0 0 0
Number of hoop plies [-] 84 0 0 0 0 0

Actual hoop ply thickness [mm] 0.183 NA NA NA NA NA

Note that the need to section the dome into discrete zones with constant ply numbers is a limitation
imposed by the use of HyperWorks. The analysis would be performed differently using other software
such as Abaqus. On the other hand, the advantage of this method is that it closely resembles reality
in terms of the manufacturing process and provides a clear layup.

The analysis will be a static linear analysis, the load applied is a constant pressure load with amagnitude
of 70 [MPa] applied on every element. The pressure is applied on the inside of the pressure vessel
and its direction is outwards.

A set of fixed constraints is added at the polar opening, these single-point constraints (SPC) are applied
at every node on the open edge. They constrain all rotations but allow displacement in the axial,
tangential, and radial directions. An overview of the SPC and the applied pressure load can be found
in Figure 8.10.
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Figure 8.10: FEM model constraints and loads. Red: Pressure load, Blue: SPC

With the FEM model setup, the analysis can now be run and the results can be reviewed. This will be
the subject of the next subsection.

8.3.2. Structural modelling results & discussion
The FEM analysis can now be solved using the Optistruct solver. It is a static linear analysis. The
results are evaluated at the element level where the element stresses, element moments, element
forces, and displacements are queried. The analysis aims to determine whether netting analysis is an
accurate sizing method for the research project. An overview of the pressure vessel von Mises stress
distribution can be seen in Figure 8.11.

Figure 8.11: Von misses stress distribution in pressure vessel FEM analysis

Overall the von Mises stress distribution behaves as expected [40, 41]. The maximum stress is located
at the cylinder-dome junction due to the jump in thickness and increased moment at the junction. The
dome tends to fold open as it deforms whereas the cylinder expands, creating a stress concentration
that leads to high stresses at the junction. The maximum stress is around 1806 [MPa]. The laminate
has an ultimate tensile strength of 3941 [MPa] which reduces to 1751 [MPa] with an applied safety
factor of 2.25. This means that there is a 3 [%] difference between the expected maximum stress
and the FEM results. This shows that netting analysis is an appropriate sizing method for this type of
pressure vessel and can be used to design a modular tank with cylindrical geodesic shapes.
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There are several limitations to this analysis, mainly related to the dome. The stresses, forces, and
moments in the dome do not behave as predicted. There is significant stress near the polar opening
and the maximum moment is located around the polar opening (See Figure 8.12). This can be ex-
plained by several factors. Firstly, the dome is sectioned into individual sections with discrete jumps in
winding angle and thickness, leading to several stress concentrations and a mismatch between zones.
Furthermore, the polar opening is usually reinforced by the bosses whose diameter is greater than the
opening and provides a reinforcing effect around the polar opening. Finally, the SPCs which constrain
rotation at the edge of the polar opening, create a stiffening effect that induces a lot of moments inside
the structure.

Figure 8.12: Internal moment distribution in pressure vessel FEM analysis

Overall, when the elements around the polar opening are neglected, the moment distribution resembles
the expected results from the literature. The moment is highest at the cylinder dome junction where
the pressure vessel is expected to fail. Figure 8.13 shows the moment distribution on every element
besides those around the polar opening.

Figure 8.13: Internal moment distribution neglecting elements near the polar opening in pressure vessel FEM analysis

In order to obtain more accurate results an analytical model of the pressure should be developed to
compare with the FEM model results. This will indicate whether the results are coherent with reality.
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Furthermore, the full pressure vessel including liner and aluminum bosses needs to be modeled to
provide a more accurate representation of reality.

To improve this analysis even further, a failure analysis using a variety of failure criteria needs to be
performed to verify the burst pressure of the pressure vessel. A progressive damage analysis needs
to be performed to fully characterize the failure of the pressure vessel. However, this falls out of the
scope of this project.

Another improvement to this structural analysis would be to perform a fatigue analysis. This can be
done by applying a damage factor based on the total number of cycles. Additionally, an impact analysis
needs to be performed to ensure the safety of the pressure vessel. This also falls outside of the scope
of this research project.

Overall, the FEM analysis of the pressure vessel is not comprehensive enough to verify the structural
sizing of the pressure vessel to an accurate degree. It is necessary to assume that netting analysis is
an accurate method for the preliminary sizing of Type IV composite vessels. This is supported by the
von Mises stress distribution and the literature [6, 7, 40]



9. Conformable pressure vessel design
Now that the preliminary design of the standard tank has been completed and verified a conformable
storage solution will be developed. This will begin by generating a list of concepts, these will be
traded off qualitatively before a concept will be detailed and developed. An overview of the chosen
conformable concept will conclude this chapter.

9.1. List of concepts
In literature, two main conformable compressed hydrogen storage solutions are being investigated to
replace conventional pressure vessels. The main interest of conformable research is the ability to
store hydrogen in non-cylindrical pressure vessels which comes at an increased system mass for an
equivalent hydrogen mass. The main application for this technology is to implement hydrogen storage
in preexisting designs particularly vehicles [42]

The first conformable concept is lattice-based pressure vessels. These pressure vessels can be made
into any desired shape and rely on internal plates and struts to carry loads between the walls. The
objective of the struts is to reduce the bending loads on the skin whose sole purpose becomes hydrogen
containment [42]. An example of a lattice-based pressure vessel can be found in Figure 9.1.

Figure 9.1: Lattice based pressure vessel concept [43]

Lattice-based pressure vessels are made up of a lattice pattern in all 3 cartesian directions with a thin
skin, both the skin and lattice pattern are made of metals. They can be manufactured at a lower cost
than composite pressure vessels with a much higher system mass.

The other concept is multi-cell pressure vessels, which are made up of individual cylinders that can be
arranged in any pattern to fit a given volume. The individual cells are shaped like the standard pressure
vessel and are then joined together. The cells can be assembled within an outer structure. Another
option is for the individual cells to share the same walls resembling a porous structure. An overview of
multi-cell pressure vessels can be found in Figure 9.2 and 9.3

47
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Figure 9.2: Porous multi-cell pressure vessel concept
[44] Figure 9.3: Joined multi-cell pressure vessel concept

[45]

Porous multi-cell pressure vessels are more mass efficient than joined multi-cell pressure vessels as
each cell shares adjacent walls and hence requires less material to be manufactured. However porous
multi-cell pressure vessels can not be made of composite materials and are more difficult to manufac-
ture.

Joined multi-cell pressure vessels can be made using filament winding and have a high potential for
optimization. If the system is built using symmetric and similar cells the manufacturing cost and time
are decreased severely. This is because the equipment can be reused and the manufacturing process
can be automated [45]. Each cell is as optimal as the standard pressure vessel. They offer a high
modularity with the possibility to fill any volume, this is particularly true as the cell size decreases. The
addition of an external structure to joined the cells together increases the system mass.

Overall, the joined multi-cell pressure vessel shows the most promise for the research project. Firstly,
it is the only concept that can be manufactured using composite material at a competitive cost. It is also
the only Type IV pressure vessel concept. This is important as it is a stakeholder requirement. Further-
more, this concept can be manufactured using filament winding which means the thermal and structural
verification and sizing models can be applied to this concept. Another advantage of this concept is that
the outer structure required to join the cells can be used as a primary structure for attachments and
load transferring in a vehicle. Finally, this concept has high modularity and conformability which can
be integrated into any existing design.

It is worth noting that Expleo expressed its interest in the study of joined multi-cell pressure vessels
compared to other technologies. As such, the joined multi-cell pressure vessel concept has been
chosen and its design will be detailed in the following section.

9.2. Multi cellular pressure vessel design
The joined multi-cell pressure vessel concept has been chosen, this concept is made up of many
individual cells which are then joined together using an outer structure. The goal of this concept is
to increase the amount of hydrogen that can be taken on board vehicles. This is done by filling a given
volume with many individual cells. Each cell can be seen as a standard filament-wound pressure vessel
with geodesic domes, as such each cell can be designed using the toolbox developed in the previous
chapters.

Before the multi-cell design can be developed a sensitivity analysis based on shape and number must
be performed. This is necessary to find the optimal space-filling method. A compromise between size,
number of tanks, fill efficiency, and total mass must be found.
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9.2.1. Sensitivity analysis
To find the optimal arrangement of individual cells to fill the available volume with the lowest system
mass possible a sensitivity analysis must be done. This analysis will be performed at constant hydrogen
mass, the aim is to study the impact of shape and number of tanks on the total system mass.

The impact of the L/D ratio on total system mass can be seen in Figure 9.4. Note that this figure also
indicates the impact of the geodesic winding angle on system mass.

Figure 9.4: Impact of L/D ratio and winding angle on system mass

From the figure it is clear that as the L/D ratio increases the total mass of the system increases, this
can be explained by the fact that the dome is overall less thick than the cylindrical section of a pressure
vessel. Furthermore, it is known that the optimum shape for a pressure vessel is a sphere with an L/D
ratio of 1. Meanwhile, the winding angle does not seem to have a significant effect on total system
mass and can therefore be chosen as desired.

It can be said that in a joinedmulti-cell pressure vessel the L/D ratio of individual cells shall beminimized.
However, this is not necessarily true when looking at the impact of the number of tanks on total system
mass (See Figure 9.5).
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Figure 9.5: Impact of number of tanks on system mass

Here the total system mass and volume is plotted against the number of tanks within the system. An
L/D ratio of 2.5 is chosen for this analysis. Furthermore, the efficiencies are plotted as ratios. The
system efficiency for N tanks is divided by the reference efficiency of the single tank configuration.

From the figure, it is clear that total mass increases with the number of tanks at constant hydrogenmass,
this is especially true for the gravimetric efficiency which is reduced by 20 [%] at 30 tanks. This means
that a compromise between L/D and the number of tanks must be found. Using too many spheres with
an L/D of 1 will lead to an increased system mass compared to multiple cylindrical cells.

9.2.2. Space filling method
The next step in the design of the joined multi-cell concept is to fill the target volume, this is done by
taking the data from the sensitivity analysis. First, a section cut of the required volume is taken from
CAD software. Next, the available length is evaluated along the cross-section (See Figure 9.6).
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Figure 9.6: Section cut of the target volume with available lengths

At this stage it is important to set a range for the L/D ratios, a minimum and maximum L/D ratio needs
to be defined. In this case, a range of 1.5 to 3 L/D ratio is chosen. Minimizing the L/D ratio is important
for total system mass but it needs to be high enough such that the available length is filled using a
single cell. This limits the total number of tanks while ensuring the volume is filled.

Then a clearance needs to be defined, this clearance is between the target volume bounding box and
the individual cells. This clearance also applies to the distance between cells, this ensures there is no
clash between the design and the vehicle. Furthermore, this leaves enough space for the outer support
structure. Using the available lengths, L/D limits, clearances, and the volume cut the cell pattern can
be defined. An example is shown in Figure 9.7.

Another condition that is imposed on the space-filling method is to keep the number of unique tanks
as low as possible. This means that tanks should be the same size and length where possible, this
decreases the fill efficiency. However, this leads to a much lower manufacturing cost and shorter
processing time. In Figure 9.7 the bottom and top rows are made up of similar tanks which reduces the
number of unique tanks by a factor of two.
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Figure 9.7: Cell pattern with clearances and imposed limits

This process can be automated with a Python script Then the individual cells can be sized and verified
using the toolbox used for the standard design. Once the tanks have been sized using the conceptual
design toolbox the BOP can be designed.

9.2.3. Balance-of-plant architecture
Now that the target volume has been filled with the optimum cell configuration and each cell has been
designed according to the sizing module, the system BOP must be designed. As previously mentioned
the detailed design of the BOP is out of the scope of this research project but some considerations and
preliminary visuals will be given for future work.

The BOP mass and volume are taken as mass and volume fractions from literature similar to the con-
ventional design. This is a conservative estimate as the BOP can be a central unit for all cells with
minimal equipment per cell. In this case, a pressure regulator will be added to the end of each cell to
ensure that the pressure out of the tank and inside the BOP components is controlled. A hydrogen line
will run from each cell column or row and group all cells into one line, these lines will then be combined
and input into the BOP central unit (See black box in Figure 9.8). Note there is a check valve at every
intersection to ensure the flow is in the correct direction. This unit will ensure hydrogen control and
delivery to the fuel cell stack. An example of the BOP architecture can be found in Figure 9.8
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Figure 9.8: Preliminary BOP architecture with pressure regulators, check valves and central unit

9.2.4. System integration & attachment
Joined multi-cell pressure vessels require an outer structure to ensure that they are fastened within the
target volume. This supporting structure needs to ensure that the cells stay together while allowing for
some displacement due to the pressure inside the cells.

To reduce the vehicle and system mass the supporting structure will be a primary structure. As the
system will be installed inside the tail section, the structure will also be used to mount the vehicle skin
and required systems. The supporting structure can be seen in Figure 9.9.
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Figure 9.9: Overview of multi-cell concept outer structure

It is made up of two large aluminum ribs with a top skin. These ribs follow the skin of the tail with holes
for the cells. Each hole has a 5 [mm] clearance such that the cell wall is not flush with the structure
and can deform. A series of aluminum spacers are used to keep the ribs at a fixed distance (See
Figure 9.10), this also ensures the lateral loads are not transferred by the cells.
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Figure 9.10: Multi-cell concept structure with aluminum spacers

The cells are mounted onto the supporting structure using four symmetric composite brackets, these
can be co-cured to the cells during curing or simply fixed using adhesive during mounting. These brack-
ets ensure the cell is fastened onto the structure. A series of silent blocs is used to dampen vibrations
and allow cell deformation within the structure. An example bracket can be seen in Figure 9.11.
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Figure 9.11: Multi-cell concept cell attachment brackets

With the supporting structure and system integration finished an overview of the multi-cell design will
be given. This will be the subject of the next section.

9.3. Multi cell design overview
At this stage, the multi-cell of the pressure vessel is finished. The multi-cell design is made up of several
Type IV pressure vessels with geodesic domes, these are called cells. Each cell has been designed
using the toolbox for conceptual design. Then a supporting structure and BOP architecture have been
proposed which completes the joined multi-cell concept. The goal of the multi-cell configuration is to
increase the amount of on-board hydrogen. An overview of the multi-cell concept within the Varuna
EVTOL can be found in Figure 9.12. The cells are made up of the same materials as the standard
design. They are numbered from left to right and then up and down.
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Figure 9.12: Render of joined multi-cell design inside Varuna EVTOL

The number of cells in the design is 8, it is the result of the space-filling method. Note that even more
hydrogen can be brought on-board by decreasing the size of the cells and including many more cells.
However, as the number of cells increases the mass of the system increases as well. The mass of the
system increases linearly with the number of cells but the amount of hydrogen increases asymptotically.
This means that a small increase in hydrogen comes at a high cost in mass. The 8-cell design is a
compromise between mass and on-board hydrogen. A detailed view of the design can be found in
Figure 9.13.

Figure 9.13: Detailed render of multi-cell concept

Since the multi-cell concept is made up of Type IV geodesic pressure vessels built using the toolbox
for conceptual design the same assumptions apply (See Section 7.1). An overview of the design pa-
rameters per cell can be found in Table 9.1.
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Table 9.1: Overview of design parameters for multi-cell concept

Property Cell 1& 5 Cell 2& 6 Cell 3& 7 Cell 4& 8 Total
Cell mass [kg] 26.9 36.7 62.1 126.8 503.2

Hydrogen mass [kg] 2.8 4.1 7.3 15.6 59.5
Wall mass [kg] 14.2 20.2 35.2 74.4 287.4
Liner mass [kg] 5.0 5.6 8.0 12.9 62.0

Bosses mass [kg] 0.3 0.6 1.1 2.4 8.8
BOP mass [kg] 4.6 6.2 10.6 21.6 85.5

Total cell volume [L] 86.7 125.2 220.3 469.2 1801.6
Hydrogen volume [L] 69.7 102.6 182.6 393.5 1496.8

Wall volume [L] 9.0 12.8 22.4 47.3 182.7
Liner volume [L] 5.3 5.9 8.4 13.5 64.9

Bosses volume [L] 0.1 0.2 0.4 0.9 3.1
BOP volume [L] 2.6 3.8 6.6 14.1 54
Cell length [mm] 900.8 915.0 1013.9 1269.1 NA

Cell outer radius [mm] 187.3 222.5 277.5 362.2 NA
Cell LD ratio 2.4 2.1 1.8 1.7 NA

Similar to the preliminary design the three main efficiencies can be computed per cell and for the whole
multi-cell concept, this is shown in Table 9.2. Note that for now the mass of the outer structure is
neglected, this will be considered in Section 10.1.2.

Table 9.2: Overview of system efficiencies for the multi-cell concept

Efficiency Cell 1& 5 Cell 2& 6 Cell 3& 7 Cell 4& 8 Total
Gravimetric [%] 10.2 10.6 11.2 11.8 11.3

Volumetric [g-H2L−1] 30.9 31.2 31.6 32.0 31.7
Fill [%] 2.0 2.9 5.2 11.2 42.5

Finally, the mass and volume breakdown of the whole multi-cell concept can be obtained. This is shown
in Figure 9.14 and 9.15.
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Figure 9.14: Mass breakdown of multi-cell concept

Figure 9.15: Volume breakdown of multi-cell concept



10. Results & discussion
The conventional and multi-cell conformable concept designs have been completed using the toolbox
for conceptual design. This started with preliminary sizing followed by a series of thermal, structural,
and hydrogen mass verifications before evaluating each concept’s various performance criteria and
efficiencies. At this stage, the results of the research project will be discussed.

First, a comparative analysis between the conventional and conformable concepts will be performed.
This analysis will look at the various efficiencies and how they are defined before comparing the con-
cepts. Then an alternative multi-cell concept will be discussed. Finally, the chosen design will be
verified against the system requirements. This is the final step of the research project.

10.1. Comparative analysis
To determine whether the conformable concept is advantageous it must be compared to the conven-
tional design. However, to do this the various performance criteria and efficiencies must first be defined.
This will be treated in the next subsection.

10.1.1. Performance criteria & efficiencies
One of the key objectives of compressed hydrogen storage is to reduce the system mass and volume
as much as possible. This is due to hydrogen’s very low density despite its high specific energy. To
quantify the system mass and weight for a given amount of hydrogen two parameters are used, mainly
the gravimetric and volumetric efficiency. The definition of gravimetric and volumetric efficiency can be
found in Equation 10.1 and 10.2.

ηgrav =
mH2

mtot
(10.1)

ηvol =
mH2

Vtot
(10.2)

Where η is efficiency, mH2 is the usable hydrogen mass, mtot is the total system mass and Vtot is the
total system volume.

The gravimetric efficiency measures how much hydrogen mass is stored over the total system mass
which includes the BOP components, the pressure vessel wall, the liner, and the aluminum inserts. The
ultimate DOE target for gravimetric capacity is 5.5 [%] [46].

The volumetric efficiency is similar to the gravimetric one since it measures how many kilograms of
hydrogen are stored for a given system volume. It indicates how much space storing a kilogram of
hydrogen takes. The ultimate goal of the DOE is 50 [g-H2L−1] [46].

For this research project, another efficiency will be defined, it is called the fill efficiency. The fill efficiency
represents the volume of stored hydrogen over the total available volume. In this case, the available
volume is determined by the volume of the tail bounding box. This efficiency represents how much
volume is used to store hydrogen by a concept, a higher value means that the space is used more
efficiently. This efficiency is relevant when the design cannot be altered and the hydrogen storage
must be contained within a pre-determined volume. The fill efficiency is defined in Equation 10.3.

ηfill =
VH2

Vavbl
=

VH2

Vtail
(10.3)

Where VH2 is the usable hydrogen volume, Vavbl is the available volume and Vtail is the volume inside
the tail bounding box.
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All the relevant system efficiencies have been determined however these are not the only criteria that
will be used to compare the concepts. A set of performance parameters will be defined to measure a
concept’s capability.

The first performance parameter that will be used to determine a concept’s performance will be the total
mass increase. This is defined in Equation 10.4. It represents the percentage increase in total vehicle
mass. To estimate this the concept mass is added to the original vehicle mass. It is assumed that the
fuel stack array will weigh as much as the current battery array and that the hydrogen storage solution
is added to the overall system mass. Furthermore, a coefficient is added to the concept mass, this
coefficient represents the mass required to integrate the concept to its environment. This coefficient is
set to 1.2 which means that 20 [%] of the total system weight is additional structural mass.

Mincr =
mtot · cstr +mEV TOL

mEV TOL
(10.4)

WhereMincr represents the percentage increase in vehicle mass, mtot is the concept mass, cstr is the
structural coefficient and mEV TOL is the mass of Varuna.

Another performance criterion will be the hydrogen mass in the system. This represents how much
hydrogen can be stored using the proposed concept. This will be compared to the minimum required
amount of hydrogen from the preliminary sizing.

Finally, the last performance criterion will be adjusted flight time. This represents how much flight time
can be expected from the converted EVTOL using a given concept. Since the concept mass is added
to the original EVTOL mass, this increases the overall vehicle mass which in turns leads to an increase
in required power. This mass and power increase can be translated into an adjusted flight time. The
definition of adjusted flight time and its derivation can be found in Equation 10.5. This assumes that
the increase in required power is linear with mass. This is accurate since a quadrotor drone needs to
overcome its mass in order to ascend and hover. As such thrust is greater than or equal to vehicle
mass.

padj = pavg ·Mincr tadj =
mH2

mreq

pavg
padj

t0 (10.5)

Where padj is the adjusted required power, pavg is the required average power, tadj is the adjusted flight
time, mreq is the required usable hydrogen mass from preliminary sizing and t0 is the initial flight time.

Now that the various concept efficiencies and performance criteria have been defined the concepts can
be compared. This will be done in the next subsection.

10.1.2. Design comparison
To select a concept and determine whether conformable compressed pressure vessels are advanta-
geous over conventional pressure vessels, each concept must evaluated and compared according to
the criteria defined in Section 10.1.1. An overview of the criteria per concept and their percentage
difference can be found in Table 10.1.

Table 10.1: Performance criteria and efficiencies per concept

Property conventional concept Multi-cell concept Percentage difference
Gravimetric efficiency [%] 12.1 11.3 -6.6 [%]

Volumetric efficiency [g-H2L−1] 32.3 31.6 -2.0 [%]
Fill efficiency [%] 24.7 42.5 72.1 [%]

Vehicle mass increase [%] 10.3 18.8 7.7 [%]
Total concept mass [kg] 330.6 603.8 82.7 [%]
Hydrogen mass [kg] 34.8 59.5 70.5 [%]

Adjusted flight time [min] 28.4 43.2 52 [%]
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When looking at the values in the table above it is clear that the multi-cell concept leads to a significant
increase in flight time and on-board hydrogen at a reasonable vehicle mass increase. The total vehicle
mass increase is less than 8 [%] for over 70 [%] increased hydrogen mass which in turn represents a
52 [%] increase in flight time.

In Chapter 7 the endurance requirement of 1 [h] was reduced to 30 [min] due to the conventional pres-
sure vessel size. With the multi-cell concept, the total flight time is much closer to the initial requirement.

Additionally, it is clear that the gravimetric and volumetric efficiency of the system is similar for both con-
cepts, this is because each cell of the multi-cell concept is an optimized geodesic cylindrical pressure
vessel. The gravimetric efficiency decreases more than the volumetric one, this can be explained via
Figure 9.5. There is a significant decrease in gravimetric efficiency as the number of cells increases.

It is clear that the multi-cell concept is much more fill efficient than the conventional concept with over 70
[%] increase. The multi-cell concept achieves a 42.5 [%] fill efficiency, which could be increased even
further by reducing the cell size and increasing the number of cells. This would lead to a significant
increase in mass compared to the increase in hydrogen mass.

Finally, it is clear that the multi-cell concept is much heavier than the conventional concept, this is
expected since the cylindrical concept is a more optimal shape in terms of structural efficiency.

Note that currently, the multi-cell concept has been designed to maximize the amount of hydrogen
inside the tail section. Another approach would be to increase the usable volume inside the tail. The
proposed conventional pressure vessel concept uses up all the space inside the tail volume, this does
not leave room for added systems or to increase the cabin space. An alternative multi-cell concept will
be discussed in Section 10.2.

Overall the multi-cell concept significantly increases the amount of hydrogen that can be stored within
a pre-determined volume at a reasonable increase in mass. This shows that the multi-cell concept is
advantageous for vehicular applications where volume is restricted and cannot be changed.

10.2. Alternative multi-cell concept
One of the major advantages of the multi-cell concept is its filling efficiency, which can be used to in-
crease the amount of on-board hydrogen. However, another application for this technology would be to
free up space inside a given volume by optimizing the cell arrangement. Using a multi-cell configuration
instead of a single-tank configuration leads to increased usable cabin space or reduced vehicle size.

Figure 10.1 shows a multi-cell concept whose adjusted flight time equals the conventional design. This
configuration frees up 1280 [L] of tail volume for a total length of 500 [mm] (represented by green area
in Figure 10.1), this volume can then be used to install systems, increase cabin space, reduce vehicle
size... Note that since the multi-cell concept is heavier than a conventional pressure vessel concept,
the required hydrogen mass is higher to achieve a similar flight time.
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Figure 10.1: Multi-cell design with equivalent flight time compared to the conventional design

Using the multi-cell concept to achieve an equivalent flight time leads to an increase in system mass
and volume. An overview of the performance criteria and efficiencies for both the conventional and
equivalent multi-cell design can be found in Table 10.2. Overall, the increase in mass is negligible
compared to the increase in usable volume. Since the mass increase is small the required hydrogen
is similar for the conventional and equivalent multi-cell concepts.

Table 10.2: Performance criteria and efficiencies for the alternative concept

Property conventional concept Equivalent multi-cell Percentage difference
Gravimetric efficiency [%] 12.1 11.0 -9.1 [%]

Volumetric efficiency [g-H2L−1] 32.3 31.5 -2.5 [%]
Fill efficiency [%] 24.7 24.9 0.8 [%]

Vehicle mass increase [%] 10.3 10.9 0.6 [%]
Total concept mass [kg] 330.6 350.0 5.8 [%]
Hydrogen mass [kg] 34.8 35.0 0.6 [%]

Adjusted flight time [min] 28.4 28.4 0 [%]

The equivalent multi-cell concept can be integrated inside the tail section in a similar way to the original
multi-cell concept. The difference is that the BOP can be located at the back since there is more free
space there. The structure and vehicle integration of the concept can be found in Figure 10.2.
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Figure 10.2: Equivalent multi-cell concept structural integration inside Varuna

Overall the multi-cell concept can be used to increase cabin size or reduce vehicle size at an equivalent
hydrogen mass. This comes at a negligible increase in mass. This additional volume can be used to
install other systems. If the vehicle size is reduced using a multi-cell concept a total vehicle mass
decrease can be expected.

10.3. Requirement verification
The final step of the research project is to verify whether the preliminary design of the chosen concept
meets the system requirements. This will be done sequentially. The chosen concept is the multi-cell
concept made up of 8 individual cells. This concept maximizes onboard hydrogen.

Firstly, requirements SYS-THERM-01, SYS-THERM-02 are verified according to Section 8.2. From the
figures it is clear that the wall temperature stays between 85 [C°] and -40 [C°]. This is not necessarily
true for the hydrogen temperature which reaches low temperatures of up to -70 [C°]. However, this
is most likely due to the adiabatic assumption which leads to very low temperatures when hydrogen
mass is low. Note that this requirement has been verified for the conventional pressure vessel which is
much larger than the individual cells of the multi-cell design. The hydrogen temperature rise and range
increases as the hydrogen mass and volume increase, meanwhile the thermodynamic parameters are
scaled with size and shape. Since the individual cells are smaller than the conventional design and
similar in shape it is expected that the thermal behavior of the multi-cell concept will be less extreme
than the conventional vessel.

Next, SYS-OPS-01, SYS-OPS-02, SYS-OPS-03 and SYS-OPS-04 are also verified accoriding to Sec-
tion 8.1 and Section 8.3. The hydrogen mass and volume model which has been used to size the hy-
drogen pressure and mass required have been verified. Furthermore, the hydrogen pressure increase
during filling has been shown to stay below 125 [%] of nominal pressure with thermal verification.

SYS-SAFE-01 has been verified via Section 8.3 which has proven that netting analysis is a suitable
sizing method for composite pressure vessels. SYS-SAFE-02 has not been verified, the liner thickness
has been taken from the literature but experiments need to be performed to verify the permeation rate
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is lower than the specified limit.

SYS-MAT-01 and SYS-MAT-02 are verified, the wall material is carbon epoxy. Meanwhile, the liner is
Polyamide6 which is a polymer material.

Finally, SYS-GEN-01 is verified as the multi-cell concept is located within the tail. SYS-GEN-02 is not
verified as the maximum endurance achievable with the multi-cell concept is 45 minutes instead of 1
hour. However, this requirement was reduced to 30 minutes since the conventional design for 1-hour
endurance was too large to fit within the tail section.

Overall, most requirements have been verified except for requirements SYS-SAFE-02 and SYS-GEN-
02. This shows that the multi-cell pressure vessel is a suitable solution to store compressed hydrogen
on board Varuna. Amore in-depth verification of the thermal and structural requirements will be required
in the future.



11. Conclusion
This research project aimed to investigate the potential of Type IV conformable compressed hydrogen
pressure vessels to enhance the efficiency and performance of UAM vehicles, specifically the Varuna
EVTOL. This was achieved by proposing a conceptual design for a conformable high-pressure hydro-
gen storage system which was compared to a conventional Type IV storage vessel.

The comparative analysis demonstrated that conformable pressure vessels could significantly increase
the hydrogen mass stored within a predetermined volume, optimize space utilization, and improve the
operational range of UAM vehicles compared to conventional pressure vessels. This will be shown by
addressing the research sub-questions.

The first sub-question investigated how conformable pressure vessels could increase the hydrogen
mass stored within a predetermined volume compared to conventional pressure vessels. The findings
indicate that conformable pressure vessels, due to their ability to fit irregular spaces more effectively,
can store a greater mass of hydrogen within the same volume. Using the Varuna EVTOL as a use case,
the implementation of a conformable hydrogen storage system leads to a 70% increase in onboard
hydrogen compared to a conventional Type IV storage system. This technology allows for a higher fill
efficiency, contributing to longer flight duration and increased operational range for UAM vehicles.

The second sub-question examined the extent to which conformable pressure vessels can make better
use of available space in UAM vehicles. Conformable vessels can adapt to the unique geometry of the
Varuna EVTOL, integrating into the aircraft’s design. This adaptability leads to improved space utiliza-
tion, which is critical in the compact and weight-sensitive environment of UAM vehicles. Enhanced
space efficiency not only improves overall vehicle design but also allows for additional components,
increased payload capacity, or a decrease in vehicle size. Using a conformable storage system in
Varuna saves up to 1200 [L] of cabin space compared to an equivalent conventional storage system.

Addressing the third sub-question, the study evaluated how conformable pressure vessels affect the
operational range of UAM vehicles. The increased hydrogen mass storage and better space utilization
contribute to a significant improvement in the operational range of the Varuna EVTOL. Overall, the
conformable design provides a 52 [%] increase in flight time compared to the conventional design. By
maximizing hydrogen storage capacity, conformable vessels enhance the vehicle’s endurance, making
it more viable for various urban mobility applications.

The final sub-question explored how the weight of conformable pressure vessels affects the overall
weight and balance of UAM vehicles compared to conventional pressure vessels. The study found that
while conformable pressure vessels tend to increase the overall mass of the vehicle due to their heavier
construction compared to optimized conventional pressure vessels, this weight increase is acceptable.
The slight increase in vehicle mass (+7.7 [%]) is outweighed by the substantial gains in operational
range (+52 [%]) and hydrogen storage efficiency.

These findings suggest that conformable hydrogen storage systems can play a crucial role in advancing
hydrogen-powered UAM technology, offering practical solutions to the challenges of hydrogen storage
in aerospace applications. Additionally, these insights have broader implications for the transportation
sector, potentially enhancing hydrogen-powered ground vehicle technology.

However, one limitation of the study was the reliance on theoretical models, which may not fully capture
the complexities of real-world applications. The research focused on the preliminary design phase, and
hence, some values and findingsmight change during the detailed design phase. Additionally, the study
did not consider the economic and environmental aspects of implementing these technologies, which
could impact the feasibility and adoption of the proposed solutions.

In conclusion, this research project has demonstrated the potential benefits of conformable hydrogen
storage systems for UAM vehicles. By addressing key challenges in hydrogen storage, this research
contributes to the advancement of sustainable aerospace technologies and sets the stage for further
innovations in the field.
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12. Recommendations & future work
Based on the findings of this research, several recommendations can be made for the further devel-
opment and optimization of conformable hydrogen storage systems for UAM vehicles like the Varuna
EVTOL. This is especially important as the research project focuses on the preliminary design stage.

The first recommendation is regarding the geodesic dome contour, the current method uses a numerical
integration which only works up to a certain radius. Once the local radius is equal to 1.22 times the
polar opening an asymptote is reached and the method becomes inaccurate. Improving the geodesic
contour algorithm via another method such as Wang’s cubic interpolation method would be desirable.
This will lead to a more accurate dome contour, particularly around the polar opening. This will have a
positive impact on the structural and mass sizing.

Another recommendation would be to consider alternative filament winding patterns. The current de-
sign uses a geodesic winding, the use of non-geodesic winding can lead to a more optimal dome design.
This will increase the burst pressure and decrease the mass of the design. Non-geodesic paths allow
more flexibility in the dome design and can potentially improve the design further.

The current hydrogen mass sizing assumes that the hydrogen is in a perfect gaseous state and at a
constant temperature. The hydrogen is modeled using a variety of equations of state but does not
model the phase of hydrogen inside the vessel. A potential recommendation would be to improve
the accuracy of the hydrogen state modeling by considering multiple phases of hydrogen inside the
tank (i.e. liquid, gaseous, supercritical...). Furthermore, accounting for the temperature variation of
hydrogen inside the tank would yield more accurate mass and pressure results.

Another recommendation would be to consider a triple-zone heat model. This will improve the thermal
analysis of the design by also simulating the liner of the pressure vessel. This would result in more
accurate thermal modeling and account for the thermodynamic behavior of the liner. Currently, the
model only accounts for the wall and hydrogen thermodynamic properties and behaviors.

To further improve the thermal model a proper estimation of the heat transfer coefficient must be derived.
The model assumes a constant heat transfer coefficient which is not true in reality. This lowers the
accuracy of the thermal model which is undesirable.

The thermal model has been used to verify the large conventional design, it is recommended to ther-
mally verify the conformable design as well. Currently, the thermal behavior of the conformable design
is assumed to be less extreme than the larger conventional design. However, this should be verified
using the proposed model.

The thermal model is adiabatic and assumes no heat loss to the environment. This is accurate for short
operational phases like filling but not during emptying. The thermal model can be further improved by
accounting for the heat loss to the environment.

Another recommendation is regarding the structural verification of the conformable design, the cur-
rent FEM analysis is not comprehensive enough to verify the design. It is recommended to derive an
analytical structural model to compare the FEM results.

Furthermore, the current FEM model does not include the aluminum bosses or the liner. The accuracy
of the results would improve if all the components of the pressure vessel were modeled.

The current FEM analysis only looks at the stresses and moments at the element level without any
applied failure criteria. It is recommended to look at stresses and moments at the individual ply level
and to include failure criteria for the burst pressure. The implementation of the maximum stress or
Tsai-Wu criteria at the ply level would improve the structural model and allow proper verification of the
design.

The final recommendation is regarding the evaluation of the performance and efficiency of the conven-
tional and conformable design where the structural mass of the design is assumed via a coefficient. In
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the future, it is recommended to design and evaluate the structural mass per concept to provide a more
accurate mass and volume comparison.

In the future, several key steps must be taken to finish the design and implement it into the Varuna
EVTOL. These steps must be taken after the recommendations have been implemented.

The first step concerns the detailed design. Moving beyond the preliminary design phase, it is necessary
to perform a detailed design and prototype. This will allow for the validation of theoretical models and
provide a more accurate assessment of performance and integration challenges.

Secondly, a cost and life cycle analysis must be performed. This will provide new metrics to compare
the design and can be used to further evaluate the feasibility of conformable storage technologies in
aerospace systems.

Next, the structural integration of the design must be further detailed. This includes a clash analysis
within the Varuna environment. During this step, issues such as crashworthiness and maintainability
must be investigated.

Finally, a manufacturing plan and philosophy are required to successfully realize the design. This will
detail the time, processes, and resources required to manufacture the design and integrate it into the
Varuna EVTOL.

In conclusion, the recommendations outlined in this section provide a roadmap for advancing the de-
sign and implementation of conformable hydrogen storage systems in UAM vehicles, offering practical
solutions to address current challenges and paving the way for sustainable aerospace technologies in
the future.
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